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Conjugated polymers (CPs), also known as conducting polymers are polymers consisting of
alternating single/double bonds along the polymer backbone. Since the discovery of conducting
polymers over 30 years ago,1 they have received tremendous attention and have found a variety of
applications including organic transistors, 2 OLEDs, 3 organic photovoltaics (OPVs), 4 and
displays.5,6 One important property of CPs is their ability to undergo reversible redox switch from
a neutral (insulting) state to an oxidized (conducting) state upon the application of an external
electric current or potential difference.7 Induced by electrical stimuli, the change in electronic state
of CPs is usually accompanied by a distinguishable change in optical properties, more specifically,
the absorption characteristics of the materials within the visible region (400–800 nm) and in the
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near-infrared (NIR) region, which allows CPs to alternate from one color to another. 8 This
phenomenon is referred to as electrochromism (EC) as it is a color change in response to an applied
electrical potential.
This dissertation is focused on conducting polymers and electrochromic devices assembled
from “in situ” method and divided into two main parts: Part I (Chapter 3,4,5) is focused on the
development of gel electrolyte materials for optimization of electrochromic device properties from
the “in situ” approach. Compared with conventional electrochemical deposition process, the in situ
approach allows the EC monomer to polymerize inside the solid state gel electrolyte matrix,
eliminating the solution step. In Chapter 3, we developed and optimized novel flexible gel
electrolyte materials.

Electrolyte compositions were fully investigated to maximize the

performance of ECDs. A study on varying salt, solvent and their composition was carried out to
obtain their effects on the electrochromic performances, such as photopic contrast, film quality,
switching speed and color uniformity. An optimal electrolyte exhibiting high ionic conductivity of
1.36x10-3 S/cm and yielded ECDs with a photopic contrast of 53% on ITO glass substrate. A
systematic study was carried out to compare the mechanical flexibility between gel electrolyte and
ITO coated polyethylene terephthalate (PET) substrate. The optimized gel formulation was found
to withstand large bending extend and provide better adhesion to the substrate which. Chapter 4
demonstrate the ability to color tune the ECD through the use of theoretical calculations. Several
systems were explored to reach the neutral color by using 1) a combination of organic dye with
electrochromic polymer PEDOT; 2) a combination of organic electrochromic dye with
electrochromic polymers PProDOT-Me2. For system #1, we demonstrate a facile method to
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achieve neutral color ECDs by adding a commercially available yellow dye into the gel electrolyte
that contains EDOT monomer. The electropolymerization of EDOT was not interfered by the
organic dye, allowing for their combinatorial effect for achieving color neutral. Optimized system
yields ECDs with 30% photopic contrast and fast switching speed of 1s. For system #2, poly(2,2dimethyl-3,4-propylenedioxythiophene) PProDOT-Me2 were demonstrated to show a neutral
color transition in assembled device when using balanced amount (or intensity) of a yellow colored
organic small molecule dye 4,4'-biphenyldicarboxylic acid diethyl ester (PCE). The assembled
devices exhibit photopic contrast of up to 55% when assembled on ITO coated glass substrates.
Chapter 5 focused on the optimization of electrochromics on UV-blocking substrates such as
polycarbonates through the use of long wavelength photoinitiator. An optimal EC devices using
polycarbonate substrates were able to achieve high photopic contrast of 53% and with less than 3%
photopic contrast loss after 3000 cycles. Part II (Chapter 6) involves patterning of conjugated
polymer PEDOT:PSS onto textile using several techniques including inkjet printing, screen
printing, and a sponge roller. The resulting patterned lines showed exceptional electronic
characteristics as conductive wires including sheet resistances as low as 1.8 Ohms/sq and current
carrying capacity of 10 Amps/mm2.
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Chapter 1: Background and Introduction
1.1

Background on electrochromic materials
Organic semiconductors have been known in industry for a long time. Small molecules can

be conductive when they are properly aligned, doped or stoichiometrically balanced [1]. It is no
surprise that polymer can also achieve electrical conductivity when its backbone structure allows
the transfer of electrons. Electrochromic materials were first introduced by Deb in 1969 [2],
including inorganic oxides such as higher band gap semiconductor WO3, Prussian blue and metal
oxides. WO3 was among the most studied inorganic materials, which can be make into thin film
by reactive sputtering, chemical vapor deposition, or sol-gel method [3]. One disadvantage of
transition metal oxide is its slow color switching speed (>10s) and high processing cost. Small
organic molecules such as viologens was also discovered at the same time. It has a deep blue
purplish color when reduced and is able to change color reversibly upon oxidation and reduction.
Intrinsically conducting polymer are typically conjugated polymers with alternating single
and double bond on their backbone. The discovery and study of polyacetylene in the early 1980s
led to Alan Heeger, Hideki Shirakawa and Alan MacDiarmid receiving Nobel prize in Chemistry
in 2000 [4]. The backbone of polyacetylene consists alternating single and double bonds, which
leads to many interesting properties. As the conjugation length increases, numerous new discrete
energy level is formed which lowers the energy gap of the materials. Conjugated polymers have
many industrial applications including capacitors, batteries, anticorrosion coatings, field effect
transistors, photovoltaic cells, artificial muscles, sensors and so on. Their ability to change color
through the use of electric potential is defined as the term electrochromism. Upon oxidation and
reduction, the band gap energy within the materials has changed which results in the difference
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absorption behavior. A band gap is defined as the energy between the valence band at the highest
occupied molecular orbital (HOMO) and the conduction band at the lowest occupied molecular
orbital (LUMO). The energy gap is directly related to the consent absorption wavelength and max
of a given polymer. In the neutral state, the wavelength absorbed by the electrochromic polymer
is typically within the visible region. Upon oxidation, the energy bands split and reorganized into
a more complex pattern, forming an intraband transition which absorb at lower energy into IR
region. The reason that conductive polymer is considered semiconductor (has band gap) rather
than metallic (no band gap) is because the effect of Jahn-Teller distortion and Peierls distortion
prevents evenly spaced alternating single/double bonds (which if evenly spaced, would produce a
metal-like band structure), and thus push the bands apart and giving rise to band gap. For example,
polyacetylene has alternating bond lengths of 1.35 and 1.45A, which applies for all heterocycles
such as pyrroles and thiophenes. Although this scenario makes the design of metal-like polymer
more difficult, the study of structure-property relationship and understanding of the intraband pi
to pi* transitions resulting in a wide variety of electrochromic polymers to be discussed throughout
this thesis. This is advantageous to electrochromism because the band gap can be structurally
modified which gives us the ability to generate a desired color in reduced state.
Oxidation and reduction (or “redox”) is the process when a material losses and gains
electrons via chemical or electrochemical means. It is worth mentioning that counter ions (usually
obtained by salt) are required to compensate the charge while switching electrochromic polymers
between redox states. Electrochromic polymers typically have a band gap between 1.0eV and
2.5eV. The energy associated with the pi to pi* transition in conjugated polymers is influenced
by many factors, most importantly, the steric interactions along the polymer backbones introduced
by substituent of different size. Factors such as planarity of the backbone, substituents, internchain,
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resonance interaction and bond length all play a role in the energy of band gap. Starting from
monomer, increasing the bond length (conjugation) will lower the band gap, as the energy
associated with electron delocalization are lowered. In general, lower degrees of twisting along the
backbone will increase conjugation length and resulting in lower energy absorption which gives
magenta, blue or purple color (long wavelength). In contrast, higher degree of twisting will
decrease conjugation length and increase the energy associated with intraband transition, for which
the higher energy absorption giving red, yellow or orange (short wavelength) color. Whereas
materials that appears green requires the absorption of light in both high and low wavelength while
leaving the middle region relatively transmissive. The backbone structure and Eg of conjugated
polymer can be altered through doping. In the beginning of oxidation process, radical cations
(polarons) are formed which release some of twisting strain from backbone. As oxidation
continues, bipolaronic states are formed, further enhancing the degree of strain relaxation and
charge delocalization.

Figure 1.1 Schematic presentation of the PEDOT benzoid structure, and the ordered
quinoid structure
The formation of bipolaronic states creates quinoid structure which are more planar
compared to their reduced states (benzoid structure). The more relaxed or planar structure it can
achieve (from complete oxidation), the more transmissive (lower absorbance) the oxidized state
will be in the visible region.
3

1.2

Band Gap Determination
In general there are two common methods for determining the energy gap of a conjugated

polymer. The first method is electrochemisty, in which the band gap is determined by the energy
difference between potentials for electron removal from HOMO and electron injection into
LUMO. The energy between the two processes can be calculated in Equation 1.

Where Ered and Eox are the onset potential for the reduction and oxidation, respectively.
And S- and S+ are the solvation energy for the negative and positive ions deduct the solvation
energy of neutral molecule. E1 and e2 are the dielectric constants of the solution and the solid.
Another method for determination of Eg of conductive polymer is through analyzing the
UV-Vis spectrum of the polymer in neutral state (colored state). The energy gap is defined as the
onset point of the pi to pi* transition. The onset point is located at the longer wavelength side
where the absorbance value start deviates from the baseline value. In the case of a broad absorption
peak, the Eg wavelength can be determined by extrapolating the onset of of the pi to pi* to the
baseline absorbance line toward the long wavelength region. The wavelength value at the intercept
can be used to calculate Eg.

1.3

PEDOT and Dioxythiophenes (DOTs) Derivatives
Polypyrroles (PPy) and polythiophenes was studied in conjunction with polyacetylenes in

order to achieve electrically conductive polymers with better stabilities. When a film of these
materials is switched between neutral and oxidized state, a reversible color change can be
observed. Polypyrroles has a yellowish green color in its neutral state, switching to a bluish violet
4

color upon oxidation, while polythiophene switches from red neutral state to a blue oxidized state.
These color change is not very practical and the film is prone to degradation upon repeated cycling
due to its electron rich nature. The colored oxidized state was caused by the steric effect during
polymerization, which inhibits the formation of longer conjugation length, resulting in unstable
oxidized state. This steric effect is originated from the substituent at the nitrogen position which
introduces steric repulsion along the backbone. In general, the unsubstituted PPy and
polythiophenes both suffer from  coupling defects (random coupling between , 
positions of the ring). Methyl group has been add to the structure (P3MT) in attempt to solve the
issue, which lowers the probability of unwanted  coupling improve the stability of doped state.
Poly 3,4-ethylenedixoythiophene (PEDOT) was introduced by Jonas and Heywang aiming
to further improve the oxidation stability by introducing electron donating group. PEDOT exhibit
a neutral state lmax of 625nm (1.7eV) giving a blue color, while exhibiting a light blue
transmissive color when oxidized. The bleaching of color during doping was due to the decrease
in the absorption at 625nm and simultaneously increasing absorption in the NIR region. The
advantage of having dioxythiophene bridge over the  position of the thiophene ring is that it
prevents the polymerization at  position. As a result, polymerization will only proceed at 
position which increase the probability of producing a longer chain (conjugation length). The
electron donating oxygen atom provide greater electron density toward the ring, making the
heterocycle easier to oxidize. This will essentially raise the HOMO level of the polymer, and
giving PEDOT a lower oxidation potential. The coordination of oxygen atoms to the d-orbital of
Sulfur atom has locked the PEDOT into favored planarity conformation. Dioxythiophenes have
since became popular for electrochromic applications due to its near colorless and highly
transmissive oxidized state.
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DOTs can be synthesized by variety of reaction routes, most widely used one is the one
step synthesis towards 3,4-dimethoxythiophene (DMOT) shown in Figure 1.2. The process
produce monomer with high yield and can be easily purified by distillation. DOMT as a starting
material, can be modified by Williamson etherification or acid catalyzed transesterification to yield
monomers tunable optical properties and processability. These DOT monomers can be
polymerized using electrochemically or chemically (Iron III based oxidative) to form
electrochromic polymers.

Figure 1.2. One step synthesis of 3,4-dimethoxythiophene

1.4

Structure-property relationship of ECPs
The band gap of the ECP materials directly affects its optical properties, in other words,

Eg determines the color of ECPs at neutral state. The color of ECP can be tuned by introducing
appropriate substituents on the heterocycle. If the size of the dioxy ring increases, the band gap
will increase, for which the acyclic dioxy systems has the largest band gap (shortest wavelength).
The energy of band gap is a combination of the intramolecular and intermolecular interactions that
includes bond length alternation, interchain interactions, substituent, resonance and backbone
planarity.
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Polyacetylene (Eg = 1.4 eV)

Polythiophene (Eg = 2.0 eV)

PEDOT (Eg = 1.7 eV)

Poly1,3 ProDOT-tBu2 (Eg = 2.5 eV)

Figure 1.3. Effect of intramolecular and intermolecular parameters on the band gap of selected
conjugated polymers
Figure 1.3 demonstrate the band gap of four structurally distinct conjugated polymers.
Polyacetylene has a band gap of 1.4 eV. When the chain of polyacetylene folds into a trans-ciscoid
geometry onto sulfur atom, its band gap increases to 2.0 eV (for polythiophene). In the case of
PEDOT, the ethylenedioxy bridge lowers the band gap of polythiophene to 1.7 eV due to the
electron donating effect of oxygen. In comparison to PEDOT, the Poly1,3 ProDOT-tBu2 has two
tert butyl groups which restrict the bond rotation and increases the strain on the backbone, therefore
resulting in a higher band gap of 2.5 eV.

1.4.1 Bond Length Alternation
As mentioned previously, the band gap of conjugated polymer is originated from the
difference in bond length between single and double bonds due to Peierls distortion. BLA is
defined as the difference between the relative degree of aromatic and quinoid characters within
conjugated polymers. In general, the band gap increases as a function of increasing quinoid
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characters of the chain. Polyacetylene does not have BLA due to the fact that it has two degenerate
ground state, where polymer of all heterocycles have BLA because of their two nondegenerate
forms, namely aromatic and quinoid form.

1.4.2 Rotational strain and chain planarity
In addition to BLA, conjugation length is another important factor that governs band gap
energy. Systems that have high rotational strain along backbone would reduce conjugation length,
therefore increasing Eg. This is because high degree of chain planarity is favored for electron
delocalization. When the monomer units in conjugated polymer are twisted out of plane, the pi
orbital overlap would decrease, reducing electron stability and conjugation length. The rotational
strain leads to blue-shift in absorption spectra has a substantial effect on the charge transport in the
polymer. Polymer chains with high degree of twisting cannot stabilize electron very well, leading
to a less transmissive oxidized state. Disubstituted thiophene usually have a higher degree of
twisting than unsubstituted one due to the steric repulsion between the side chains. The polymers
of shorter conjugation length will have their absorption shifted to higher energy.

1.4.3 Substitution Effect
Substituents on the dioxy bridge have substantial influence on the band gap of ECP.
Electron donating substituents increasing the HOMO energy level while electron withdrawing
groups reduce the LUMO energy level, both causing a reduced band gap. By introducing
appropriate substituents on the polymer backbone, Eg can be controlled precisely. The size and
nature of the side chain can affect Eg. Where larger, branched chains give rise to higher band gaps
from increased torsional strain while smaller, unbranched chains allowing better relaxation along
the backbone therefore reducing Eg. The optical properties can also be tuned by using a aryl ring
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besides the heterocyles to control the electron density of monomer unit which can affect the
electrochromic properties.

Figure 1.4. Method for tuning optical properties of ECPs by substitution or main chain alteration.
Adapted from the dissertation of Justin Kerzulis
Unitizing the substitution effect, out group has been able to create ECP of different colors
across the visible spectrum. In an earlier publication, Reynolds reported various 2,2 di-substituted
ProDOT and utilize it as platform for achieving full spectra tuning for ECPs. Sotzing et al. explored
the substitution one the site adjacent to oxygen. They found that planarity of polymer chain can be
disrupt

by

introducing

large

pendent

groups.

The

most

notable

case

is

1,3-

ditertbutylpropylenedioxythiophene (PProDOT-tB2, Red color ECP) which has a 200 nm blueshifted absorption compared to the PProDOT-Me2 (max at 575nm, Purple color ECP). PProDOTMe2 has a purple colored neutral state while the isopropy, hexyl and tert-butyl substituted (1,3
position on propylene-dioxy bridge) produces red, orange and yellow colored polymer,
respectively.
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Figure 1.5 UV-Vis NIR spectra of various electrochromic polymers in their colored states

1.5

Electrochromism
Electrochromism is the phenomenon that describle the a material’s ability to change color

in response to an applied electrical potential. It is fundamentally related to the materials electronic
energy level, namely HOMO, LUMO and the band gap (Eg). The absorption characteristics of
ECP will change when the materials is subject to appropriate electrical charge. For application
purposes, it is desirable for ECP to switch between a colored states and transmissive state and with
a high contrast and fast switching speed. The pi to pi* transition across the band gap is the source
of electrochromism for ECPs.
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Figure 1.6 PEDOT chemical structure and its redox color switching behavior
In order to have a better understanding of ECP, it is crucial to understand fundamental
optics, in other words, how our eye perceives color. The four most important aspect of optical
properties are transmission, absorption, reflection and scattering, for which are going to be
discussed in the following chapter.

1.5.1 Fundamental of Optics
Let’s look at the case when a beam of monochromatic light with radiant power P0 passes
through a medium. Assuming the material will absorb some light, and the light passed sample has
radiant power P. The relationship between absorbance and transmittance are shown in Figure .

Figure 1.7 Relationship between absorbance and transmittance values
The light absorption by ECP film is mainly due to pi to pi* transition, donor acceptor
interactions, or the combination of the two. If the substrate has no color, most of the light will be
transmitted through with the exception that small amount of light is going to be reflected between
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the interfaces of different medium. Refractive index is defined as the ratio of the velocity of light
in a vacuum to its velocity in a specific medium. The light path can be altered by the difference in
refractive index. Scattering can also occur if the light path or moving particles are forced to deviate
from a straight line due to localized non-uniformities in or at the surface of medium. When light
travels from one media to another, at the boundary light speed will change and a small fraction of
light will be reflected away followed by a small change in the beam angle (unless beam is
perpendicular to media surface). In the case of mirror, total reflection is usually achieved, which
was also called specular reflectance. Whereas light shined on paper would results in diffuse
reflectance due to the non-uniformity of the surface causing reflected light rays in all directions.
Fundamental of optics are important because ECDs are measured in situ where the light
source passes through a transparent conductive substrate and an EC film followed by solid
electrolyte solution. This would introduce multiple layers of materials with mismatched refractive
index. When a EC film is made from spray coating, air voids can form inside film which increases
surface roughness. This sometime will make the film appear rough.

Figure 1.8 Compaison of ideal (smooth) EC polymer film on glass and rough film on glass.
Adapted from the dissertation of Justin Kerzulis
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For a typical UV-vis measurement, the incident beam travels through ECD from one side
of glass (or plastic), ITO coating, EC film, electrolyte, ITO coating, glass (or plastic) and finally
into the detector. Any scattering event along the light path would cause an increase in the
absorbance value, which generally leads to lower photopic contrast. The transmittance can be
improved by refractive index matching (ie. ITO glass with anti-reflective coatings).

1.5.2 Nature of Color
It is difficult to find a single definition of color because everyone perceive color in various
ways. There are many parameters that affects our color perception, including influence from
neighboring colors, viewing angles, illumination and etc. An effort to define color was made in
1931 by the International Commission on Illumination (CIE). CIE developed a series of conditions
for the human color vision. The principle of color mixing is crucial to the ECD study. There are
two types of color mixing, subtractive and additive. In both cases color mixing produces three
primary colors, three secondary color (from mixing of 2 colors in equal amounts), and one tertiary
color from mixing all three colors. Subtractive mixing can be interpreted as mixing of two different
colored paints. Each paint individually absorb different wavelength to produce their color. Let us
consider the case of mixing two different colored paint. When they were mixed together, they
would absorb both wavelength simultaneously, resulting a color which correspond to their
unabsorbed wavelength region. Black is therefore a combination of the three primary color in
subtractive manner (or complete absorption of visible wavelength). Additive mixing can be viewed
as beams of different color were superimposed on the same spot. If all three primary color beams
are showing (red, green and blue), the result is white. Vice versa if no colors are showing, the
result is black, which is the opposite of subtractive mixing. The development of color mixing
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theory led to the use of three primary colors (cyan, magenta and yellow) and that any linear
combination can produce any color. The CIExyY color space was designed the way that Y
parameter is a measure of the luminance of color, with x and y represent Cartesian color coordinate.
CIE L*u*v* is an improved color space adopted by CIE in 1976, is an linear transformation of the
1931 color space. The advantage of CIELuv is its improved color resolution due to a increased
surface area of the diagram. The current definition of CIElab is referred to the CIE L*a*b* color
space.
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Figure 1.9 The CIE L u’ v’ chromaticity diagram, the numbers along the edges of the color
space itself represent wavelengths.
These diagrams provided us a way to universally reference any new color applications. The
CIE system helps engineers and chemists accurately keep track of the color of any materials. The
color coordinate for polymer film can be easily calculated from UV-vis absorption spectrum, for
which there is simple algorithm that can determine the color point based on the weighted values
of absorbance at certain wavelength. The color coordinate can also be measured directly by
colorimeters, a camera like instrument that can precisely measure the color of an object.

1.5.3 Electrochromic Device Evaluation
In order to evaluate EC materials for commercial application, there are various parameters
we need to consider: namely electrochromic contrast, switching speed, color coordinate, color
neutrality, processability, long term stability and etc. Here are some of the parameters in detail:
1. Contrast ratio
Electrochormic contrast is defined as the difference between transmittance between the
neutral and oxidized states of EC materials. Sometime people reports as the percentage
transmittance change at the maximum absorption wavelength (lmax). For electrochromic
window or eyewear applications, it is more accurate to consider contrast ratio over the
entire visible spectrum, rather than a single wavelength. Therefore, photopic contrast
introduced as it has taken into account the all visible wavelength and different sensitivity
for a better perception of human eye. The photopic contrast can be calculated by calculate
the difference of photopic transmittance between two states. As shown in Equation,
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Where T(l) is the spectral transmittance of the ECD, S(l) is the normalized spectral
emittance of a 6000K blackbody and P(l) is the normalized spectral response of the human eye
2. Color Switching Speed
The switching speed of ECDs is often described as the time required for the electrochromic
material to switch from colored state to bleached state. In the case of cathodically coloring
polymers, bleaching is defined as the process for EC polymer transform from neutral to
oxidized state, while vice versa for coloring process. It is unlikely that the time needed for
bleaching process is the same as the coloring process due to the conductivity difference of
EC film between neutral and oxidized state. The common method to quantify switching
speed is to monitor the transmittance value at the maximum absorption wavelength (lmax
or 555nm), and the switching speed is the time required to reach 90% or 95% completion
of transmittance change (bleaching or coloring). Reynolds et al. reported switching speed
of 0.8-2.2s for poly(3,4-alkylenedioxythiophene derivative films. Our group have
optimized ECDs utilizing similar materials with switching speed of 0.6-1.2s on ITO glass
substrate. Invernale et al. reported method of adding a electrochromic layer onto counter
electrode as an ion storage layer which provides more balanced ion shuttling and enhanced
switching speed. In general, switching speed is depend on several factors such as polymer
film thickness, surface area, substrate sheet resistance, ionic conductivity of the electrolyte,
morphology of polymer films, ion diffusion in polymer. The switch speed is a function of
EC film thickness and device area, where thicker film and larger area would result in slower
switching speed. The sheet resistance (Rs) of substrate is also a determining factor where
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less conductive substrate will increase response time significantly. For example, the
PEDOT coated on different ITO substrate would result in different switching speed from
0.6-1.2s on ITO glass (Rs=10-15 ohm/sq) to 4-6s on ITO polycarbonate (60 ohm/sq) and
15-30s on Spandex substrate.
3. Coloration Efficiency
Coloration efficiency (CE) is defined as the change in optical density per inserted charge
necessary to fully switch the material, shown in Equation where Q is the electrochemical
charge density with unit C/cm2.
CE = d(OD)/dQ
The coloration efficiency is an important parameter for ECDs, as a high CE material would
give a large optical modulation at small charge injection/removal. CE is positive when the
absorption increases upon charge injection (cathodically coloring) and negative when the
absorption decreases upon charge injection (anodically coloring). The coloration efficiency
value can vary depending on measuring method. Reynolds et al. reported composite
coloration efficiency (CCE) as a universal method for reliable measurement. In this method,
the transmittance change is measured at a fixed wavelength (like lmax), where the charge
was measured at the same time so that CCE can be calculated using d%T/Q at 90% or 95%
of transmittance change. Organic materials generally have higher CCE than inorganic
materials due to the higher electronic transition probabilities that leads to coloration
process. Materials with high CCE is preferred because of the low power requirement during
operation.
4. Optical memory
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Optical memory is defined as the ability of an electrochromic devices to maintain its
colored or bleached state when the electrical potential is removed. One distinct advantage
of solid state ECDs is the color switching can be easily controlled by applied voltage and
constant potential is not required to retain a colored (or bleached) state. Compared with
other display technologies such as LCDs and LEDs, ECDs are the least energy demanding
technology yet available. Leakage current can occur due to imperfection of device
fabrication which causes charge diffusions and color to fade overtime. However, for most
cases, a tiny amount of electrical potential would be suffice for color restoration.
5. Colorimetric Analysis
The perception of color might vary from person to person. CIE developed a colorimetry
system aiming to graphically describe certain color in a precise and unbiased manner. Some
of the advantages by doing colorimetric analysis are: 1. People can report the colors of the
material accurately based on quantitative measurements. 2. Every new color can be
represented graphically onto color coordinates and make color comparison easy. 3. This
method, paired with theoretical calculations, helps us build electrochromic devices of
desired color and neutrality that are useful for industrial applications.
6. Long Term Stability
Electrochromic materials are often designed for applications such as EC windows,
eyewears, auto-dimming mirrors, displays, etc. which requires many of switching cycles
during their life time. Long term stability test generally carried out to survey the materials
ability to withstand repeated switching and how transmittance changes during these cycles.
ECDs that can withstand more cycles with minimal contrast loss are the desirable for
applications. The main reason for the electrochromic failure is photodegration. The
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electrolyte, conductive substrate and sealant degradation are the main factors that
determines life time of a device. Sealant degradation can results in device leakage and
solvent evaporation which affect the electrochemical stability of the device. A working
cycle of 10,000 is often taken as an industrial standard for stability test. Otley et al. reported
method of using acrylate ProDOT-Me2 to eliminate the spotting issue in the device with
increased stability to over 10,000 switching cycles.

The main concept is the

immobilization of unreacted monomer inside solid state gel matrix for in situ device (where
monomer was polymerized inside solid gel). On the other hand, short term stability is also
important as Reynolds et al report that EC contrast (or absorbance) can fluctuate at
beginning of switching cycle and then stabilized after the “break-in” periods (10-20 cycles).

1.6

Electrochromic Device
In order to better understand the applications of electrochromic, we should discuss the

architecture of conductive polymer based ECDs. A typical ECDs structure is shown in Figure. The
layers from closest to our eye to furthest are as follows: Substrate (Glass or plastic), ITO, EC
polymer, Gel Electrolyte, EC polymer, ITO, and Substrate. The Substrate/ITO usually has a
conductive metal (ie. Copper) adhered to the ITO surface and providing contacts to a power source.
In general, ECDs can be divided into two categories, reflective ECDs and transmissive ECDs. The
reflective ECD utilizes a white boundary between layers, typically by porous reflective metals or
passivated TiO2. When the electrical potential is applied, we will only see the color change of the
front EC polymer or the color change of the back polymer can only be seen from behind. On the
other hand, transmissive ECDs does not contain reflective materials, allowing the ability to see
through the device even at colored state. Charge and color balance became important for
19

transmissive ECDs especially when two (anodically and cathodically coloring) EC polymer are
used in the same device. In some case, a minimal color changing material can be used at counter
electrode to provide better charge balance.

Figure 1.10 Schematic of a transmissive ECDs. Adapted from the dissertation of Yumin Zhu

1.7

Gel Polymer Electrolyte
As an indispensable component in all electrochemical devices, electrolyte serves the

purpose of transferring charges in the form of ions between electrodes. It allows ions to move in
and out of the electrochromic polymer which enables color switching. Gel polymer electrolyte
(GPE) is generally obtained by incorporating a large quantity salt-containing liquid
plasticizer/solvent to a high polymer to form a stable semi-solid gel. The salts provide solvated
ions for conductivity, the solvent dissolves salt and provides a medium for ion transport to occur.
The polymer portion is employed as the mechanical support, which is usually swollen by the liquid
electrolyte. Unlike the solvent-free solid polymer electrolytes (SPEs), GPEs are more closely
resemble the liquid electrolyte system in terms of electrochemical mechanism. GPE was employed
in this study because it is capable of providing high ionic conductivity similar to liquid electrolyte
while maintaining the cohesive properties of solids.
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Poly ethylene glycol (PEG) has been widely used as polymer host for gel electrolyte
formation. It has substantial segmental mobility and wide operating windows. The electron
donating ether groups allows the polymer chain to coordinate with metal cations which is
advantageous for its compatibility with variety of salts [19-21]. PEG refer to ethylene oxide
oligomers with molecular mass below 20,000g/mol while PEO refer to polymers with molecular
mass higher than 20,000g/mol. The liquid electrolyte system should be avoided when ECDs are
used for wearable electronics due to the close proximity to human eye/skin if leakage occurs. An
acrylate functionalized PEGDMA was chosen in conjunction with PEGMA for its ability to form
a solid polymer matrix after UV crosslinking.

Figure 1.11 Chemical Structure of Poly(ethylene glycol) methyl ether acrylate (PEGMA, Mn=480)
and Poly(ethylene glycol) dimethacrylate (PEGDMA, Mn=550)
An ideal solvent for GPE should have a high dielectric constant, low viscosity and be
electrochemically stable in a wide temperature range. [22] Propylene carbonate was particularly
attractive because of its high dielectric constant (64.92 at 25 °C), low viscosity (2.53cP at 25°C),
high boiling point of 242°C and low freezing point of -48.8°C. [23] More importantly, it offer
great solvating power and compatibility with wide variety of lithium salts. As an electrolyte
solvent, PC enhances the segmental motion of the PEG host polymer chains which leads to
improved ionic conductivity of the gel. In electrochromic applications, it has been reported that
films prepared in PC has significant smoother and flatter morphology than those prepared in
acetonitrile, yielding higher photopic contrast and coloration efficiency. [24] A compromise needs
21

to be established between the ionic conductivity and mechanical strength while increasing the
solvent concentrations. In gel polymer electrolyte, the ionic conductivity is strongly influenced by
solvent content. A GPE with low solvent (<30%) can lead to a restricted ion motion, resulting in
poor conductivity.

Figure 1.12 Schematic diagram for in situ polymerization (a). Liquid monomer electrolyte was sandwiched
between two ITO coated substrates (b). Liquid electrolyte was cured under UV light to produce a solid
electrolyte gel (c). Electrochromic polymer/electrolyte blend was generated by converting monomers at a
potential of +3 V.

Lithium salt are the most commonly used salt in GPE since it has excellent dissolution
properties and be able to travel in the medium with high mobility. Commonly used salts for ECDs
are lithium trifluoromethanesulfonate (LiTrif), lithium bis(trifluoromethane) sulfonamide
(LiTFSI),

lithium

tetrafluoroborate

(LiBF4),

tetrabutylammonium

hexafluorophosphate

(TBAPF6), tetrabutylammonium tetrafluoroborate (TBABF4). Ionic liquids such as 1-butyl-3methylimidazolium

tetrafluoroborate

(BMIM

BF4),

and

1-butyl-3-methylimidazolium

hexafluorophosphate (BMIM PF6) were also used for electrochromic applications. Lithium
trifluoromethansulfonate (Litrif) and Lithium perchlorate were used in the electrolyte to provide
ionic conductivity and prevent phase separation of plasticizer and PEO.
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Figure 1.13 Chemical structures of (1) LiTRIF, (2) LiBF4, (3) LiTFSI, (4) TBAPF6, (5) TBABF4,
(6) BMIM PF6, (7) BMIM BF4

1.8

PEDOT:PSS

1.8.1 Development of PEDOT:PSS
The reason why poly(3,4-ethylenedioxythiophene) (PEDOT) has become a successful
conductive polymer is its availability as an aqueous polymer dispersion. PEDOT was first
developed by Bayer AG in the early 1990s.

At that time, the fundamental drawback of

polythiophenes was the instability of their conductive form (oxidized state), which the moisture in
the air can be destructive. Since then, people are looking into oxygen substituted thiophenes since
the oxygen-bearing substituent helps stabilizing free radical and positive charge by delocalization.
The goal was to use two oxygen atoms to improve the mesomeric stabilization which leads to the
development of bicyclic dislkoxythiopehens: PEDOT and ProDOT. Compared with other early
developed ECPs, PEDOT is highly stable in ambient environment with presence of moisture. It
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has a light blue to transparent oxidized state, which is ideal for applications as transparent
conductive electrode. One of the disadvantage of PEDOT is its poor solubility in any solvent. In
order to solve these issues, Bell labs developed an aqueous dispersion of PEDOT with
poly(styrenesulfonate) PSS as polyanion. It has a sulfonic acid group within each repeat unit and
carries negative charge for stabilizing PEDOT in its oxidized state. PSS as counternion for PEDOT
is used as host polyelectrolyte. The weight ratio of thiophene groups to sulfonic acid groups in
PEDOT:PSS range from 1:2.5 to 1:20. Since for every three to four thiophene rings possess one
charge, the PSS charge excess is between 6-fold to 46 fold. Water is chosen as the solvent for the
PEDOT:PSS synthesis, as it is highly polar and excellent solvent for PSS. The solubility of EDOT
in PSS containing water (1wt% PSS) is 0.3g of EDOT per 100ml of water (at 20C). The PSS
aqueous solution is acidic, with pH value of less than 3. This is beneficial for EDOT
polymerization because it reduces the formation of keto-functionalized side product. Iron(III) salts
such as iron (III) chloride is often used as oxidizing agents for the reaction. However, Iron (III)
can form complex with PSS and could cause precipitation of PEDOT:PSS during the reaction.
Peroxodisulfates were selected as favored oxidizing agents and mostly used in combination with
Iron (III) salt as a catalyst. The PEDOT:PSS solid content has strong influences on the viscosity
of dispersion. For example, the dispersion with 1wt% solid has a viscosity of 10 mPas, where
dispersion with 2.5wt% solid will have a significant higher viscosity of 135 mPas. PEDOT: PSS
dispersion are typically prepared in concentrations less than 5wt% for low viscosity applications.
The average particle size of commercialized PEDOT:PSS dispersions range from 10nm to 1um.
The particle size distribution (PSD) can be represented by values that indicate percentage of
particles below certain size. For example, d50 value of 150um means that 50% of particles (by
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volume or number) have diameter less than 150nm. The PSD of PEDOT:PSS dispersion generally
follows non-Gaussian distribution.

Figure 1.14 The schematic of the morphology (Left) and chemical structure (Right) of
PEDOT:PSS. Morphology diagram shows that PEDOT chains (displayed as short bars) are
surrounded by a PSS-rich surface layer
As shown in Figure 1.14, the PEDOT chains are attached to the PSS chain via Coulombic
interaction. The PEDOT:PSS core is surrounded by a PSS-rich surface layer. PEDOT:PSS used in
this research is Clevious PH-1000 which has PEDOT to PSS weight ratio of 1:2.5. The molar ratio
of PEDOT repeating unit to PSS is 1:1.8. The excess amount of PSS helps to stabilize PEDOT in
water. The hydrophilic PSS chains surround hydrophobic PEDOT to give a stable micelles. The
diameters of PEDOT:PSS grains are typically around 50nm. The conductivity of pristine
PEDOT:PSS films are low (<1 S/cm). This is due to the insulating PSS shell have high probability
of interfering the charge transport across the PEDOT grains. Another reason is that PEDOT chains
is in coiled structure which results in the localization of positive charge. Therefore approaches to
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lower the amount of PSS within the film or increase the phase separation were carried out to
enhance its electrical conductivity.

1.8.2 Charge transport in PEDOT:PSS film
The main conduction mechanism for PEDOT:PSS is believed to originated from charge hopping
between polymer chains. This can be confirmed by the temperature dependence of the conductivity.
Mott et al. developed a variable range hopping (VRH) model to describe electron transport in
amorphous materials. The model can be shown as,

Where R0 is the resistance at infinite temperature (Pre-exponential factor), a is the exponent that
equal to 1/(1+D), where D represents dimensionality of the system. T0 is the characteristic Mott
temperature that depends on localization length, electronic structure and density of states near
Fermi level.

1.8.3 PEDOT:PSS Conductivity Enhancement
In principle, PEDOT:PSS water dispersion can be deposited by all common techniques that
are designed for water-based coatings. Common deposition such as drop casting, spin coating,
electrospinning and spraying can be used to obtain uniform film. If a structured deposition is
required, techniques such as inkjet, screen printing and various other forms (flexo, gravure, offset
printing, sponge or paint brush). Film quality is often determined by several important properties
such as surface tension, viscosity and adhesion to the substrate. These properties can be tuned by
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adjusting solid content, PEDOT to PSS ratio, particle size distribution, or by addition of surfactants,
polymer binders or cross-linking agents.
PEDOT:PSS films are highly transparent in the visible region, excellent thermal stability
and mechanical flexibility. This makes PEDOT:PSS an ideal candidate to for indium tin oxide
(ITO) replacement as the transparent electrode in optoelectronic applications. However, the
pristine PEDOT:PSS film suffers low conductivity due to the insulating PSS. Therefore, it is
important to explore methods for enhancing the conductivity of PEDOT:PSS film. Much efforts
has been made in this area. Studies have found that the conductivity of PEDOT:PSS can be
improved by light or thermal treatment, or treatment using organic solvents, acids, ionic liquids,
salts, surfactants and etc. The first chemical approaches is by adding a high boiling point polar
organic solvent. Kim et al. reported use of solvents dimethyl sulfoxide (DMSO), N,N-dimethyl
formide (DMF), and tetrahydrofuran (THF) increases conductivity of PEDOT:PSS film. Since
then, the use of organic solvents such as ethylene glycol (EG), DMSO, THF, DMF, NMP, sorbitol,
glycerol has attracted great interests. Since mid-2000s, DMSO and EG was considered to be a
standard co-solvent for PEDOT:PSS (especially for Clevios PH 1000) solutions. Researchers have
also studied post-treatment using organic or inorganic acid to increase the conductivity of
PEDOT:PSS film. The strong acids used are usually H2SO4, HCl or Methanesulfonic acid. Xia et
al. obtained a conductivity of 3000 S cm-1 for (Clevios PH 1000) films treated with 1M H2SO4
at 160 C for three times. Ouyang et al reported conductivity enhancement through a post-treatment
using mild organic acids. The treated PEDOT:PSS film exhibit metallic behaviors, with
conductivity of 3300 S cm-1 after treatment of 8M methansulfonic acid.
The mechanism of conductivity enhancement has been a subject of debate. Crispin et al.
studied the conductivity improvement by addition of EG as secondary solvent. The result from X27

ray-photoelectron spectroscopy (XPS) indicate the removal of PSS from PEDOT:PSS film after
EG treatment. The S2p band at 163-167eV is attribute to the sulfur atom in PEDOT. This bands
intensities increases compared with S2p band for PSS with addition of EG, indicating a partial
removal of PSS. Kim et al shows that the excess PSS content from film surface can be washed
away by solvent post treatment. Mengistie et al. utilized AFM to study the conductivity
enhancement by secondary solvent, suggest that the PEDOT conformation changes from a coiled
to an extended coiled (or linear) structure, due to the partial PSS removal. The co solvent treatment
effectively screens the ionic interactions between PSS and PEDOT, leading to a greater phase
separation between the two. Ouyang et al. used Raman spectroscopy to investigate the mechanism
and associate the conductivity improvement with the change of PEDOT structure from a benzoid
(coiled) to a quinoid (extended coil) structure. Furthermore, they discussed that the acid treatment
has resulted in the loss of PSSH from PEDOT:PSS films which also leads to a conformational
change that improved charge transport.

1.9

Applications and perspective for conjugated polymers

1.9.1 Applications of Electrochromism
(1) Auto-dimming Mirrors
Reflective ECDs are often used in the automotive industry as auto-dimming rearview
mirrors. These are devices that are able to self-darken while driving at night. The auto-dimming
feature would prevent the dazzling reflection of headlights by the behind vehicle. Typically an
electrochromic material is coated on the surface of a household mirror and performs as color filter
to reduce the intensity of the reflected light beam.
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Figure 1.15. Auto-dimming rearview mirrors manufactured by Gentex
(2) Electrochromic Windows
The most common applications of ECDs include a variety of windows for eyewear,
buildings and aircrafts. For example, color changing google and sunglasses shift from dark state
to light state, electrochromic windows were used in the building to control the amount of light that
passes through. The concept of “smart window” was developed by Granqvist and Svensson in
1985 to describe windows that electrochemically change transmission. The electrochromic layer
performs as light filter which give us the ability to select “tint settings” to control the amount of
light inside. These devices are designed to save energy, especially on hot summer days, to reduce
solar radiation from outside which reduces the energy from climate control. ECDs are also widely
used in aircraft applications, where the devices can be installed with sensors for color control,
allowing them to change color through tap of a button. With the help of Gentex, PPG Aerospace
and Boeing, EC windows have been installed on Boeing 787 “Dreamliner”. ECDs can also be
found in military applications where a cockpit canopy or soldier’s helmet visor would change color
depending to the sunlight exposure.
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Figure 1.16 Application of ECDs including smart windows and color changing goggle
(3) Electrochromic Displays and Textiles
Electrochromic displays are generally non-emissive and considered as passive displays.
Since they do not emit light, they are capable of maintaining certain colored state without the need
for prolonged power supply. Although the EC display do rely on external light source which might
limit its applications, a white back light underneath the EC layer can be used for low light
conditions. Similar application can be found in Kindle displays. Invernale et al published first work
on stretchable ECDs with the invention of all organic electrochromic Spandex. There are many
advantages of this color-changing fabrics, for which these materials can be used for electrochromic
garments, wearable displays and adaptive camouflage. The architecture of EC fabric is shown in
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Figure 1.17. With proper development of complementary electrolytes, the use of all organic
electrochromic fabric device construction put towards the potentials for truly flexible, stretchable
and wearable ECDs.

Figure 1.17 Schematic of electrochromic spandex device invented by Invernale et al. Top:
Chemical structure of EDOT materials in neutral and oxidized state. Bottom: Device architecture
for stretchable ECD

1.10 Research objective
In this thesis we developed a set of novel flexible ECDs with optimized electrochromic
performance. Typical requirements of the ECDs are:
a) Uniform film quality and color switching over the entire working area
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b) Fast switching speed (<1s)
c) High photopic contrast ratio (dT>50%)
d) Long term stability (no degradation and sustained contrast after 10,000 switching cycles)
for operation under ambient conditions.
e) High coloration efficiency. EC device can be switched by a normal battery of <5V
f) Low cost. The material cost needs to be inexpensive and suitable for commercialization
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Chapter 2: General experimental procedures, instrumental
methods and materials
The general instrumentation and experimental methods are discussed in this chapter.

2.1 Electrochemical Instrumental Method
The electrochemical analysis method in this thesis were performed by CHI potentiostat with model
number CHI 400a, 660a or 720c. The image for a CHI potentiostat is shown below

Figure 2.1 CHI Potentiostat for electrochemical analysis

2.1.1 Cyclic Voltammetry (CV)
The properties of EC films such as peak absorbance and redox potential can change upon oxidation
and reduction due to the slow relaxation effects in neutral polymers from intercalation of ions and
solvents [1]. Therefore, cyclic voltammetry (CV) is utilized to break-in the electrochromic layer.
CV is also useful for analyzing the onset point of CP redox process and generally used to
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characterize a newly synthesized material. CV uses a linear sweep of potentials on the CP and
measure the current flow through. The current (positive or negative) increases when redox reaction
begins and decrease when the concentration of analyte is depleted. From CV we can obtain the
onset point for polymerization of monomer which help us determine the polymerization potential
for monomer and redox potential for polymers. Other useful information such as oxidation and
reduction peak poentials and currents (Epc, Ipc, Epa and Ipa) can also be obtained from CV
diagram. The peak current (Ip) of a reversible reaction can described by the Randles and Sevick
equation:

Where n is the number electrons, v is the scan rate (V/s), Dapp is the diffusion constant (cm2/s),
A is the surface area of the working electrode (cm2), Co is the bulk concentration of electroactive
species (mol/cm3).

Figure 2.2 Typical CV diagrams: (Left) linear sweep of potentials, (Right) Current diagram for
reversible redox reaction
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The solution CV setup is shown below in Figure . The counter electrode (CE) can be either a
platinum wire or flag. Platinum flag is useful when the experimental is performed in a beaker.
Platinum wire is more advantageous when the space is confined as it can be easily positioned out
the beam path (inside cuvette cell) while taking a UV-vis spectrum. If the CV curve is showing a
high resistance, we can use CE with a larger surface area or Pt flag to reduce the resistance in the
I-V curve. The working electrode (WE) can be either Pt bottom or ITO glass slide with a contact
made using copper tape. The reference electrode (RE) is typically a Ag/Ag+ electrode assembled
by submerging a silver wire in 10mM AgNO3 in 0.1M Litrif/ACN solution and was calibrated to
be 0.456V vs. normal hydrogen electrode (NHE) using a ferrocene-ferrocenium redox couple. The
potential can be calculated by subtracting (Epc +Epa)/2 from 0.545V. Ag wire can also be used as
reference electrode in some cases. CV can be performed on the bench top (inside beaker) but
easier if conducted in a cuvette holder inside the spectrometer chamber. This give the advantage
when you can perform CV and simultaneously monitoring the absorbance (or transmittance) value
over a certain wavelength region.
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Figure 2.3 (left) Schematic diagram of typically three electrode electrochemistry set up in a beaker;
(right) electrodes used, the tip of Pt button electrode is shown. (Picture and graph adapted from
Yujie Ding’s dissertation)

Figure 2.4 Ag/Ag+ reference electrode used.
Figure 2.4 shows a close up image of Ag/Ag+ reference electrode. The 10mM AgNO3/
0.1M LiTRIF ACN solution inside the tube is separated from the outside using a Vycor tip sealed
with heat-rink tube. The Ag/Ag+ electrode need to be immersed in electrolyte solution (0.1M Litrif
ACN) at all times. The Teflon tape serves the purpose of sealant and the RE need to be calibrated
periodically in order to retain accurate result.
For CV analysis on EC polymer film, the break-in cycles (20-25 cycles) are usually
performed in the materials most table potential windows until a stable CV curve can be achieved.
The CV curves and optical properties for the 1st and 2nd potential sweep can be drastically different.
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2.1.2 Chronocoulometry (CC)
Chronocoulometry (CC) is used to electropolymerize the EC monomer onto the working
electrode. In this method, the potential change is kept minimum to ensure constant potential during
the polymerization process. For example, device requires +3V for polymerization to occur, then
the initial potential is set to be +3V and final potential will be 3.011V. After the monomer
conversion process is complete, the EC polymer film is usually switched between +2V and -2V to
change color. When the positive potential is applied, electrons are removed from the valance band
toward the working electrode and holes are created which are then balanced by the anion from salt.
When the negative potential is applied, electrons are injected into the EC film and polymer returns
to neutral state. CHI 400A and CHI 660A potentialstat were used for in situ polymerization and
characterization using CC method.

2.1.3 Differential pulse voltammetry (DPV)
Differential pulse voltammetry (DPV) is often used to measure the oxidation potential of
EC polymer films. It can be considered as a derivative of linear sweep voltammetry, where a series
of regular voltage pulses were superimposed on the linear potential sweep. The setup is very
similar to CV expect the working electrode is usually a polymer film drop casted on a Pt button
from dilute solutions. This method allows us to accurately measure the oxidation or reduction
potential for polymers. The polymer film is held at neutral state for 1 minutes before proceed to
oxidized state. DPV samples current before the potential change which minimize the charging
current effect. For break-in procedure we can follow the same condition as CV (20-25 cycles).

2.2 Conductivity Measurement
2.2.1 Ionic Conductivity Measurement
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Ionic conductivity of gel polymer electrolyte was measured using Agilent 4284A precision
LCR meter. The basic sample preparation scheme is shown in Figure . The reservoir for electrolyte
can be made using an aluminum weighing pan with a transparent glass cylinder sealed and glued
to the center. The pan is then filled with liquid electrolyte. The surface of electrolyte can be sealed
by placing a piece of parafilm on top to avoid air inside. The liquid sample is then transferred to a
UV chamber (UVP CL-1000 Crosslinker, 365nm) and cured for 10 minutes.

Figure 2.5 Sample preparation for ionic conductivity measurement
The cured gel polymer electrolyte is then measured by AC impedance spectroscopy on a
HP 4285A precision LCR meter. The sample is placed between two electrodes (as shown in Figure )
and impedance value is recorded as a function of frequency (from 10Hz to 1MHz) at room
temperature (25C). The resistance of gel electrolyte R can be obtained from the plots of f
(frequency) and Z (impedance), also known as Bode plots. The ionic conductivity can then be
calculated using following equation.

Where s is the ionic conductivity, L is the sample thickness, A is the sample area (electrode
contact) and R is the impedance value.
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Figure 2.6 Ionic conductivity measurement (A) Setup for liquid gel samples; (B) setup for film
samples; (C) Setup for free-standing films or fabric samples
As shown in Figure , the film samples can be measured using setup B. The film is first
dropped onto the stainless steel substrate and then the current was applied between the shim and
cover. For samples like solid state gel or gel coated fabrics, the setup C can be used as the sample
holder is designed to keep even pressure across the electrode contact surface.

2.2.2 Sheet Resistance Measurement (Electrical Conductivity)
Keithley 224 Programmable Current Source and Keithley 2420 sourcemeter were used for
conductivity measurements. Four line probe setup was built according to literature, which was
mostly suitable for flexible to semi-rigid sample such as fabrics, ITO coated PC or PET.
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Figure 2.7 Four line probe conductivity measurement setup. The distance between two cooper
electrode is 0.4 cm. The stainless steel weight is used to keep constant pressure on sample
The electrical conductivity of PEDOT:PSS film can be measured using the four line
method. Glass slides with dimensions of 1 x 1 inch are spin-coated with polymer dispersion. All
films were dried in oven at 110 C. For each sample, film thickness t, width w, and electrode
separation s are carefully measured. A fixed current I was applied to the two outer electrodes and
voltage difference V was measured between the two inner electrodes. The conductivity, s(S/cm)
is determined using the following equation:

Where V is the voltage difference between inner electrode, I is the applied current to the
outer electrode, w is the width of film, t is film thickness, and s is the distance between electrode
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Figure 2.8 Schematic diagram of four line probe sheet resistance measurement setup
In order to better understand the theory of this technique the fundamental of resistivity
relationship should be discussed. In a three-dimensional conductor, the resistance can be expressed
as
𝑅=𝑝

L
L
L
=𝑝
= 𝑅𝑠
A
Wt
W

where r is the resistivity, A is the cross-sectional area, and L is the length.
The sheet resistance Rs (Ohm/sq) is determined by following equation
𝑅𝑠 = 𝑅

w
l

where w is the width of the sample. The square in the unit Ohm/sq is dimensionally equal to an
ohm, but is exclusively used for sheet resistance. The reason for name Ohm/sq is that a square
sheet with sheet resistance of 1 ohm/sq has an actual resistance of 1 ohm, regardless of the square
size. (In the case of square, W = L, so Rs = R). The advantage of using Ohm/sq is because sheet
resistance of 1ohm would easily to misinterpret as bulk resistance, while sheet resistance 1 ohm/sq
will not be misinterpreted.

2.3 Optoelectronic Characterizations
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2.3.1 Spectroelectrochemistry (UV/Vis/NIR)
Varian Cary 5000 UV-Vis NIR spectrophotometer was used to determine the spectral
behavior of an ECP material at incremental potential across a stable switching window. For
characterization of new materials, a wide wavelength region are often used (350nm-1600nm). This
range allow us to see the change in polaron, bipolaron transition states and donor-acceptor effects.
After the initial break in cycles is completed, then the most negative potential is applied (with
stable window) and the initial scan is to measure the cathodically coloring ECP in its neutral state.
Then the potential is increased in positive direction in 50-100mV steps until the highest stable
potential is attained, which is associated with the oxidized state of ECP. In figure for EC
polymer,we can observe as the potential increases there is a decrease in absorbance value at pi to
pi* transition with lmax at 575nm combined with growth and loss of polaron band and increase in
the bipolaron band in NIR region.

Figure 2.9 Spectroelectrochemical studies based on ECP-Magenta film (left), Spectra for its
neutral (red), polaron (blue), and bipolaron states
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The absorbance spectra acquired from UV-Vis NIR measurement can be transformed to %
transmittance value. The relationship between the two can be expressed as Abs = 2 - log10T. The
band gap of polymer can be determined from the onset point of absorbance peak.
Electrochromic contrast can be measured in two ways:
1. Single wavelength contrast: EC contrast are often reported at single wavelength (usually
at max). At a fixed wavelength, UV-vis transmittance of ECPs were taken at their extreme
states (neutral and oxidized). The electrochromic contrast can be reported as single
wavelength contrast.
∆T% = T%(reduced state) – T%(oxidized state)
2. Photopic contrast: Instead of measuring at single wavelength, ECP films were scanned
through the entire visible wavelength from 350 to 850nm of their oxidized and reduced
states. The photopic transmittance can be calculated by following
850

Tphotopic =

∫350 T(λ)S( λ)P( λ)dλ
850

∫350 S( λ)P( λ)dλ

Where T(l) is the spectral transmittance of the ECD, S(l) is the normalized spectral
emittance of a 6000K blackbody and P(l) is the normalized spectral response of the human eye.
The advantage of photopic contrast is its accurate description compared with the single wavelength
contrast as it weights the entire visible wavelength based on the sensitivity of human eye. The
photopic values presented in this thesis are not background corrected and therefore represent
transmittance loss through all materials (including substrates) and their interfaces.

2.3.2 Chronoabsorptometry

45

Chronoabsorptometry allows us to analyze the contrast change (d%T) of an EC polymer at
different switching speed and it is measured at the lmax of the absorbance peak. It utilize the
sample UV-Vis NIR spectrometer combined with chronoamerometry function of CHI instrument.
Chronoamerometry settings allow the voltage to switch repeatedly between potentials of neutral
and oxidized state and can be held at these two potentials for certain period of time. The typical
experimental data is shown in Figure 2.10.

Figure 2.10 Square-wave potential step absorptiometry of ProDOT-ester monitored at 575nm
The data acquired from chronoabsoptometry can be think as the switching kinetics
characterization of ECPs. A CHI potentialstat is used to apply the square wave potential to the
polymer. The duration of the potential can be varied throughout the experiment, with the longest
being hold at 10s and the shortest being 0.25s. The contrast at different switching times can be
calculated by single wavelength method. In the case of ProDOT-ester film, high contrast has been
maintained throughout the experiment and begins to decrease at 0.5s switching times. The
switching speed is usually determined as the time required to achieve 90% or 95% of the
transmittance change. A typical transmittance vs time curve with illustrations is shown in Figure
2.11.
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Figure 2.11 Transmittance vs time curve and illustration of 90% transmittance change for
switching speed calculation

2.3.3 Optical Memory
Optical memory is the persistence of the colored state or bleached state when the driving
voltage is removed. The polymer based ECDs can remain its current optical state even when the
external stimuli is removed. This does not happen inside small molecule solution phase ECDs such
as viologens, where the EC molecule is soluble and will quickly diffuse into the electrolyte when
the electrical potential is turned off. Therefore for small molecule ECDs the device will be
automatically bleached. For polythiophene-based electrochromic materials it is related to the
stability in the electrolyte composite film of the doped an undoped forms of the polymer. It is a
very important property of ECDs in eyewear and window applications. ECDs that have greater
optical memory would generally consume less energy for electronic applications. The mechanism
of the memory effect is yet unknown, it is believed that moisture is one of the important factors.
Past experiences tell us that a moisture free device would results in better memory effect. ECDs
are often sealed by thermal glue to separate the gel electrolyte from oxygen and moisture in the
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air. For measuring optical memory, the transmittance of an EC device is monitored as a function
of time. When the transmittance loss begin to occur, the time is noted as optical memory of the
device. The color of ECDs is going to fade eventually due to the unwanted redox side reactions
and charge diffusion from imperfection during device fabrication or “leakage current”. In these
cases, a small amount of charge can be used to restore the color.

Figure 2.12 Typical optical memory effect of polycarbonate ECDs utilizing PProDOT-Me2 as
electrochromic polymer

2.3.4 Colorimetry
In Chapter 1 we briefly discussed colorimetry and how our eyes perceive color. The colorimetry
data was acquired using the built-in color software associated with the Varian Cary 5000 UV-Vis
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NIR spectrometer based on D65 standard illuminant, 2 degree observer, and L*a*b color space.
Similar results can also be obtained by a SpectroScan PR-670 colorimeter measurement.
Colorimetry is generally composed of three attributes: hue, saturation and luminance.

2.3.5 Long term stability of ECDs
Long term switching stability of device is related to the coulombic efficiency of the dopingdedoping process, or the ratio of the oxidation to reduction charges involved in the process. Long
switching life can only be attained at 100% coulombic efficiency values. Different applications
can require different EC response time and device switching cycles, while a few seconds and
10,000 switching cycles is often the minimum requirement for various transmissive ECDs (such
as electrochromic windows). The stability test is usually carried out by repeated switching of ECDs
for a prolonged time (> 10,000 cycles) and the corresponding transmittance vs time curve is
recorded. The photopic contrast and charge loss can be determined from transmittance-time curve,
which is then used to evaluate the long term stability of the device. The life time of an ECD is an
important factor related to potential applications, and it is one the unresolved issues that restrict
commercialization of ECDs, especially compared with liquid crystal EC devices. Different mode
of device failure can be observed during testing, including loss of electrode conductivity,
electrolyte degradation, side reaction in the presence of oxygen and water, and irreversible
oxidation and reduction within EC polymer film. Therefore, uniform, defect-free EC film as well
as good device encapsulation (sealing) are important factors that will ensure the long term stability
of devices.

2.4 Thermal analysis
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TA instrument DSC 2920 Differential Scanning Calorimetry (DSC) was used for detection
of phase transitions among different polymeric materials. The experimental parameters for DSC
are: heating from -90C to 50 C at 5C/min, cooling from 50C to -90C at 20C/min, followed by
reheating to 50C at 5C/min. Hi-Res TGA 2950 Thermal Gravimetric Analysis (TGA) was used to
determine certain characteristics of materials which that exhibit either mass loss or gain due to
oxidation, decomposition or loss of volatiles (ie. moisture or solvent). DMA 2980 Dynamic
Mechanical Analyzer (DMA) was used to carry out mechanical measurement.

2.5 Transmissive ECD assembly
An ECD can be constructed in several of ways, depending on their applications.
Absorption/transmissive ECDs, patterned and reflection ECDs have been described by Reynolds
et al. One particular feature of the use of EC polymers is the removal of any necessity to supply
constant power. The color (at neutral or oxidized state) remain permanent or semi-permanent
(depending on the stability of the device), eliminating the need to hold at certain potential for long
period of time.

Figure 2.13 A typical electrochromic device ECD “sandwich” structure, including an ion shuttling
or ion storage layer on the counter electrode with respect to EC polymer layer
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The ECDs assembly procedure used in this dissertation is called “in situ” method, where
solid state devices were assembled with monomers dissolved in the electrolyte. The gel polymer
electrolyte was dropcasted or injected between two pieces of ITO coated glass or plastic substrate.
After UV-crosslinking of the gel, a potential bias was applied to the device to produce the EC
polymer layer onto the working electrode. This layer was not a film (compared with traditional
electrodeposition in salt containing solvent solution), but rather a composite of electrochromic
polymer and the gel electrolyte. This composite layer showed a high transparency than typical EC
film prepared from electrodeposition due to the blend having lower degree of pi stacking and
interchain interactions. In situ conversion method eliminate the need for solution step, which is
required by electrodeposition (ex situ) method. Therefore it reduces chemical waste and disposal
of toxic organic solvents during the device preparation step. Furthermore, the composite EC layer
enables faster ion movement during color switching process when the solid state gel electrolyte is
used. This is the result of improved compatibility of EC layer (blend of gel electrolyte and EC
polymer) with the gel polymer electrolyte used, whereas electrodeposited EC film shows lower
degree of compatibility with the gel polymer electrolyte (appeared as slower switching speed).

2.6 Characterization of film morphology
2.6.1 Scanning Electron Microscopy (SEM)
Imaging analysis of PEDOT:PSS fabric samples was performed on the Joel JSM-6335F at
2.5kV with probe current of 14 uA for sample surface charging. The charge contrast imaging
allows us to differentiate between conducting and non-conducting regions. The cross-section
samples were cut with a razor blade while the fabrics were submerged in liquid nitrogen to
minimize the distortion due to sample movement.
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2.6.2 Optical Microscopy
The structure and printing resolution of PEDOT:PSS lines were characterized using
reflected light optical microscopy (Nikon Metaphot metallurgical microscope).
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Chapter 3: Optimization of Gel Electrolyte for Flexible
Electrochromic Devices
3.1 Introduction
Polymer electrochromic devices have found wide applications in displays, eyewears, smart
windows, autodimming rear-view mirrors, color changing fabrics, etc. ECDs are devices in which
the modulation of light is controlled by external applied electric potential. However, their
applications is not limited to the color changing phenomenon. They are emerging as novel devices
for aircraft thermal control and infrared camouflage for military applications. ECDs can be either
transmissive or reflective based on their applications. Transmissive ECDs serves the purpose of
color/light filter and are mostly used in smart window and eyewear applications. Transmissive
ECDs are simple electrochemical cells whereas the EC polymer layer is coated onto the surface of
transparent conducting working electrode, sandwiched with another transparent conducting
electrode with gel electrolyte in between.
Research is now directed towards the use of solid polymeric electrolytes for ECDs. These
are more applicable for commercialization since the solvent leakage and evaporation are
prevented. Numerous device configuration of this type have been described in the literature based
on the use of inorganic oxide and conductive polymers. However, to date, no flexible ECDs are
commercially available due to a number of challenges yet to the solved. Some of these limitations
include the cost, device contrast and durability over extended period of time. Two factors
encouraged the assembly of flexible electrochromic devices. a) commercial production of flexible
transparent conductive electrodes (ie. ITO coated PET) and b) development of new conducting
polymer with tunable band gap. These polymers are colored in their neutral form and become
53

transparent when fully oxidized. Polymers with tailored absorption spectrum can be obtained by
substituting EC monomers with different functional groups. Therefore it is possible to modulate
their colored states. Recently our laboratory has developed a series of new electrochromic polymer
materials with blue, magenta, red or orange color. In this study, a cathodically coloring EC polymer
poly(2,2-Dimethyl-3,4-propylenedioxythiophene) (PProDOT-Me2) was used to fabricate the
flexible ECD. PProDOT-Me2 is a thiophene based conductive polymer that has high photopic
contrast due to the methyl substituents which increase the interchain distance. In the neutral state
it has strong absorption around 580nm, which appears purple to our eyes. When it is oxided, a
lower energy transition will arise within the energy gap therefore results in a more transparent
state. Reducing the EC polymer will reverse the band gap structure and absorption back to its
colored state.
The difference between plastic and glass substrates is summarized in Table 1. In general,
plastic substrate has less weight and more robust than glass. The only issue is that it is more
difficult to obtain a high quality ITO coating on a plastic substrate due to the flexible nature and
higher surface roughness of plastic substrate. Unlike the conventional device fabrication process,
whereas the EC polymerization take place in an electrolyte bath, this is a method where
electrochemical conversion is done inside a cross-linked gel polymer electrolyte matrix. The
crosslinked polymer matrix is formed from UV curing of a liquid gel electrolyte containing EC
monomers and low molecular PEG with acrylate end groups, plasticizer, salt and photoinitiator.
Since the EC polymer is formed inside gel electrolyte, its properties can be strongly influenced by
the electrolyte compositions.
In general, gel polymer electrolyte is a multicomponent system prepared by dissolving salt
in a polar solvent and then incorporated the mixture into a polymer matrix to achieve appropriate
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viscosity. We use a UV curable PEG oligomers as polymer matrix. The advantage of using oligo
ether chains is their compatibility with wide variety of salts and solvents and wide operation
potential windows. In this study, we optimized the new gel electrolyte materials containing a
dimethacrylate PEG oligomer (poly(ethylene glycol) dimethacrylate) (PEGDMA) and a monoacrylate pEG oligomer (poly(ethylene glycol) methyl ether acrylate) (PEGMA) for applications in
flexible electronics. Parameters including salt loading, mono-acrylate/di-methacrylate PEG weight
ratio, and solvent to PEG weight ratio were optimized to improve the performance of single layer
ECDs. The optimized electrolyte exhibited photopic contrast of 53% and ionic conductivity of
1.36x10-3 S/cm. Furthermore, a study was carried out to compare the flexibility of gel electrolyte
with the commercially available ITO coated PET substrate. The flexible gel recipe we
implemented were found to exceed the ITO PET in terms of bending radius. In order to
demonstrate potential applicability for commercialization, a large area flexible patterned ECDs
were fabricated and demonstrated high contrast and fast color switching.
In order to have useful applications, electrochromic devices must possess high photopic
contrast, fast switching speed, high coloration efficiency and outstanding film uniformity. Herein,
we

evaluate

several

commonly

used

salt

for

this

study:

tetra-n-butylammonium

hexafluorophosphate (TBAPF6), tetra-n-butylammonium tetrafluoroborate (TBABF4) and ionic
liquids:

1-butyl-3-methylimidazolium

tetrafluoroborate

(BMIM

BF4),

1-butyl-3-

methylimidazolium hexafluorophosphate (BMIM PF6); Lithium trifluoromethansulfonate
(LiTRIF), Lithium bis(trifluoromethane) sulfonamide (LiTFSI), lithium tetrafluoroborate (LiBF4)
and their chemical structures are shown in Figure 3.1
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Figure 3.1 Chemical structures of the studied salts, ionic liquids and monomers

3.2 Experimental
3.2.1 Materials and reagents
Lithium

trifluoromethanesulfonate

(LiTRIF),

propylene

carbonate(PC),

dimethoxyphenylacetophenone (DMPAP), Poly (ethylene glycol) dimethacrylate (PEGDMA)
(Mn = 550 g/mol), poly(ethylene glycol) methyl ether acrylate (PEGMA) (Mn = 480 g/mol), were
obtained from Sigma-Aldrich and used as received. UV curable glue (UVS 91) was purchased
from Norland Products, Inc. Indium Tin Oxide coated glass (Rs= 8-12 Ohm/sq) were purchased
from Delta Tech Inc,. Two different grade of ITO coated PET substrate of sheet resistance 20
Ohm/sq and 60 Ohm/sq were purchased from CP films and Bayview Optics Inc, respectively. EC
monomer 2,2-dimethyl-3,4-propylenedioxythiophene (ProDOT-Me2) was synthesized according
56

to the previously reported procedure. All starting materials were purchased from Aldrich, expect
3,4-ethylenedioxythiophene (EDOT) was purchased from Heraeus Clevios. The itching solution
was prepared by diluting HCl to 6M in DI water prior to use.

3.2.2 Electrochromic device assembly
Electrolyte in this study were prepared by mixing 5g propylene carbonate and 5g of
acrylated PEG oligomers. The PEG binary mixtures containing different ratio of PEGDMA and
PEGMA were tested (0:100, 1:99, 2.5:97.5, 5:95, 10:90, 25:75, 50:50, 75:25, 100:0). Lithium
Triflate salt at varying weight percent (4wt% to 14wt%) were tested for photopic contrast
evaluation. 17.5mg of photoinitiator was added to every 10g of gel electrolyte mixture for UV
conversion. For the in-situ device construction, gel electrolyte containing 2.5wt% EC monomer
was sandwiched between two ITO coated transparent substrate. ITO surface cleaning is important
since any dirt on the surface will prevent deposition of EC polymer can causes defect in film
quality. A copper tape is placed at the edge of the ITO substrate. A transparent silicon rubber
gasket (thickness 0.5mm) was placed between the two ITO substrates as a spacer. The device was
then placed inside UV chamber under 365nm UV light (5.8mW/cm2) for converting the liquid
electrolyte into semi-solid. After UV curing process, a constant potential of +3V was applied
between working and counter electrode to electrically polymerize EC monomer onto the working
electrode ITO. Then the device was switched between ±2 V for 20 times for device activation. The
large are patterned ECD devices were fabricated using 6x20cm ITO PET substrate. ITO patterning
was performed by selective removal of ITO using 6M HCl aqueous etching solution.
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Figure 3.2 Transmittance spectrum of a blank non-activated device

3.2.3 Instrumentation and Methods
The ionic conductivity of gel was measured using a HP 4284A precision LCR meter (20
Hz to 100 KHz) and subsequently evaluated by AC impedance spectroscopy. DSC was used to
determine the glass transition temperature of the gel electrolyte. DSC measurements were carried
out on a TA Instrument Q100 differential scanning calorimeter.
Crosslink density of solid gel was determined by equilibrium swelling method. A small
volume of solid polymer gel was placed in a good solvent (propylene carbonate in this case), and
allowing the polymer to swell for 1 week in the dark to reach the equilibrium. The swollen gel is
then isolated and weighted. The volume uptake of swollen gel can be calculated using from the
density of individual component. According to Flory-Rehner’s theory, the crosslinked density
determines the degree of swelling in certain solvent. The greater the degree of swelling, the less
the crosslink density. For the crosslinked gel that contains solvent, an extended form of Flory-
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Rehner should be used. The average molecular mass between crosslinks or the network, Mc, can
be determined by following equation.

Where v is the specific volume of the polymer, Vs is the molar volume of the solvent,
Vp,0 and Vp,s are polymer volume fractions of gel in its initial and swollen state, respectively. X
is the solvent-polymer interaction parameter. The crosslink density of the gel can be determined
from the value 1/2Mc.
All optical measurement were carried out using Varian Cary 5000 UV-vis-NIR
spectrophotometer. The absorption spectra of different states were recorded from 850nm to
350nm. All electrochemistry was carried out on a CHI 720c potentiostat.

3.3 Results and Discussion
3.3.1 Effect of Lithium salt concentration
In general, there are several requirements for a salt to be useful in gel electrolyte application.
It should be able to disassociate within the medium to a considerable extent so that facile ion
transport will occur. The lithium ion should be able to move freely in the electrolyte media. It also
should remain inert to all the device components and no oxidization and reduction should occur
within operating windows. Both cation and anion should be remain stable toward other cell
components such as electrode substrate and gaskets. We have previously reported the use of
Lithium salt for in situ electrochromic devices to achieve high contrast. The lithium salt plays an

59

important role in assisting polymer formation and leading to increased doping level of the EC
polymer within the device. In addition, it resulted in a more mobile electrolyte environment and
higher charge density during polymerization. This leads to a faster switching speed of the device
because of fast ion diffusion rate.
The optimal salt concentration for the LiTRIF salt was found to be 9.1wt% with an ionic
conductivity value of 5.6x10-4 S/cm. In general, upon increasing the salt concentration, the ionic
conductivity of the gel will increase until a maximum value is reached. Further increase of salt
concentration will reduce the ionic conductivity due to possibly salt aggregation or crystallization.
Higher ionic conductivity values generally leads to a higher contrast since more mobile electrolyte
will results in an increased doping level of the polymer, therefore achieving more transmissive
oxidized state. Increasing ionic conductivity will also increase the electropolymerization speed
therefore an optimal contrast can achieved at a shorter period of time. To evaluate the optimal salt
loading in Lithium salt systems, the photopic contrast as well as ionic conductivity of devices were
prepared and monitored as a function of salt concentrations.
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Fig. 3.3 Ionic conductivity as a function of LiTRIF concentration for gel polymer electrolyte
consisting 50wt% PEGMA as host polymer and 50wt% propylene carbonate as electrolyte solvent

Figure 3.4 Ionic conductivity and photopic contrast of in situ PProDOT-Me2 device as a function
of LiTFSI concentration
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Figure 3.5 Ionic conductivity and photopic contrast of in situ PProDOT-Me2 device in gel
polymer electrolyte as a function of LiBF4 concentration
Figure 3.1 demonstrates the correlation between gel electrolyte conductivity and the LiTrif salt
concentration. A similar relationship was seen in LiTFSI and LiBF4 system. It is obvious that for
different salt system, there is an optimal ionic conductivity values at certain salt concentration.
Therefore in the case of varying salt concentration, the highest ionic conductivity point also
correspond with the highest photopic contrast point within the in situ device.
Table 1.1 Comparison between LiTRIF, LiTFSI and LiBF4 gel electrolytes
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Salt

MW
(g/mol)

Optimal
Optimal #
mass
of moles
loading (g) (10-3 moles)
1.0
6.41

LiTRIF

156.01

LiTFSI

287.09

1.9

LiBF4

93.75

0.65

Optimal Ionic
conductivity
(S/cm)
4.76 E-04

Optimal
Photopic
Contrast (%)
44%

6.61

8.75E-04

47%

6.93

8.41E-04

48%

From Figure 3.2 and 3.3, the optimal photopic contrast of PProDOT-Me2 devices achieved
by LiTFSI and LiBF4 were 47% and 48%, respectively. When compared with the optimal contrast
value of 44% for Litrif system, the contrast was increased by 3% and 4% by changing the salt. In
order to confirm the difference in contrast values, we calculated the effective polymer layer
thickness according to previous literature by Invernale et al. The molar ratio between electron
transferred and reacted monomers is 2 to 1 based on the Diaz mechanism. This allows us to
calculate the number of moles monomers converted based on the polymerization charge value.
This calculation also assume no overoxidation and side reactions occurred. The device area is
determined to be 5.5 cm2 and density of PProDOT-Me2 is estimated to be 1g/cm3. The EC film
thickness was calculated to be 177nm, 200nm, and 215nm for Litrif, LiTFSI and LiBF4 deposited
films. When comparing the three different anions (Litrif, LiTFSI, LiBF4), the imide anion in
LiTFSI has an increased acid strength (compared with LiBF4) because of the stabilization of
triflate anion by the strong electron withdrawing groups . The conjugation between the electron
pair on the nitrogen brings an intensive dispersion of formal negative charge in the anion. The high
level of charge delocalization also results in a higher degree of ion dissociation of LiTFSI in
electrolyte solvent compared with LiTRIF. Therefore device prepared with LiTFSI resulted in
higher photopic contrast (high ionic conductivity). On the other hand, LiBF4 containing electrolyte
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were found to have similar conductivity trends compared with LiTFSI system. Since the
tetrafluoroborate anion is smaller than the TFSI anion, the BF4 anion has a much high mobility
inside the crosslinked gel matrix during the polymerization process. This facile movement of BF4
anion leads to a higher polymerization charge density (under same polymerization time). Therefore
a thicker ProDOT film was formed (in the presence of LiBF4) and highest contrast value was
achieved. LiBF4 is an inorganic superacid anion based salt that has moderate ionic conductivity in
nonaqueous medium. The BF4 anion was electrochemically stable up to 3.6V vs a standard
calomel electrode, which is lower than PF6 anions. The trend on average ion mobility and
dissociation constant for common Lithium salt is shown below. From the order of the properties
we can see the conflicting nature between average ion mobility and dissociation constant and
LiPF6 has the well balanced properties among all other salts.

3.3.2 Effect of ammonium salt on in situ device
The most commonly used quaternary ammonium salts are tetrabutylammonium
perchlorate, hexafluorophosphate (TBAPF6), tetrafluoroborate (TBABF4), the corresponding
tetraethylammonium salts, and the halides (TBACl, TBAI). Sometimes the tetramethyl and
tetraethylammonium salts have also been used. The tetraalkylammonium ions are soluble in many
nonaqueous solvent. The rate constant for electron transfer decreases with decreasing cation size.
For example, The electron transfer rate constant from electrode to substrate were smaller when
TBAPF6 was the electrolyte than when TMAPF6 was it.
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Ammonium salts are composed of a positively charged tetra-alkylammonium cations and
a weak anion. Compared with Lithium salts, they are less hydroscopic and more chemically stable,
which allows the ammonium salt too be applicable over a wide potential window. Quaternary
ammonium salt were found to have higher molar conductivities in propylene carbonate because of
the electrostatic shielding effect of the alkyl group. The similar trend was also seen in this study,
whereas gel electrolyte with 2.9wt% LiBF4 has a lower conductivity (5.4x10-4 S/cm) than gel
electrolyte with 9.1wt% TBABF4 (8.5x10-4 S/cm). Despite the improved conductivity from
ammonium salts, the electrochromic polymer film obtained from in situ process were found to be
non-uniform compared with gel electrolyte with Lithium salts. In fact, either ProDOT-Me2 or
EDOT monomer were found to produce a uniform film inside in situ device. As the salt
concentration increases, the film quality was found to be even worse. In order for electrochromic
device to have useful applications, the gel polymer electrolyte must be highly transparent and the
EC film produced must possess high color uniformity. Any undesirable coloration or distortion
would be detrimental for eyewear applications. Upon crosslinking, PEGDA can form a highly
polar polymer matrix. The positively charged TBA cations are shielded by four non-polar butyl
groups, which contribute to the possible ion aggregation at higher concentrations. As a result,
ammonium salts may not be well dispersed in the polymer matrix which could interfere with the
EC polymer formation inside the device. During the polymerization process, anions diffuse
towards working electrode to neutralize the positively charges on the EC polymer chain while
cations diffuse towards the counter electrode for charge balancing. The resulted nonuniform film
quality might originated from fact that the relatively large size TBA cation might interact with the
PEG chain which limited its diffusion rate. The poor film quality can be potentially due to the
imbalance between the cation and anions inside electrolye solvent as it was not seen in the case of
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solution polymerization where PEG polymer is not present in the system (contains EC monomer,
salt and solvent only).

Figure 3.6 (a). In situ ProDOT-Me2 device prepared from gel electrolyte of 4.75 wt% TBABF4.
(b). In situ EDOT device prepared from device gel electrolyte of 4.75 wt% TBABF4. (c). In situ
ProDOT-Me2 device prepared from gel electrolyte of 9.1 wt% TBABF4. (d). In situ EDOT device
prepared from device gel electrolyte of 9.1 wt% TBABF4. (e). In situ ProDOT-Me2 device
prepared from gel electrolyte of 16.6 wt% TBABF4. (f). In situ EDOT device prepared from device
gel electrolyte of 16.6 wt% TBABF4.
When the concentration of ammonium salt was increase to 20wt%, the EC polymer film
quality was slightly improved which might due to a faster monomer diffusion rate at higher
monomer concentrations. EDOT was able to produce uniform film when the monomer
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concentration is above 10wt%, whereas PProDOT-Me2 was unable to produce uniform film
quality even at 20wt% monomer loadings.

Fig. 3.6 (a). Cured gel electrolyte of 9.1 wt% TBAPF6 after curing. (b). Cured gel electrolyte of 16.6 wt%
TBAPF4 after curing. (c). Cured gel electrolyte of 23.0 wt% TBAPF6 after curing. (d). Cured gel electrolyte
of 9.1 wt% TBAPF6 after overnight. (e). Cured gel electrolyte of 16.6 wt% TBAPF6 after overnight. (f).

Cured gel electrolyte of 23.0 wt% TBAPF6 after overnight.

Figure 3.7 (a). In situ ProDOT-Me2 device prepared from a gel electrolyte of 16.6 wt% TBAPF6.
(b). In situ PEDOT device prepared from a gel electrolyte of 16.6 wt% TBAPF6. (c). In situ
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PProDOT-Me2 device prepared from a gel electrolyte of 16.6 wt% TBAPF6 after overnight. (d).
In situ PEDOT device prepared from a gel electrolyte of 16.6 wt% TBAPF6 after overnight.
The poor film quality for EC film might originated from the large size of TBA cation, the
tetra butyl group might be too large with respect to the polymer matrix and thus its diffusion is
limited. For in situ conversion, a facile cation and anion movement as well as monomer diffusion
is required for optimum film quality. The streaky film quality is a result imbalance between
counterion movements. In order to confirm this, we carried out electrodeposition of EC monomer
in liquid state (without PEG polymer matrix). For solution based electrodeposition, ITO coated
glass was used as working electrode, Platinum flag was used as counter electrode, and silver wire
was used as reference electrode. A constant potential of +1.5V is applied for 10s and the
electrochromic film was switched between +0.8 V and -0.8 V inside the solution bath. The
ProDOT-Me2 film was then gently rinsed with propylene carbonate.

Figure 3.8 PProDOT-Me2 film electrodeposited from (a). 0.10 M TBAPF6/PC and (b). 0.10 M
TBABF4/PC solution; PEDOT film electrodeposited from (c). 0.10 M TBAPF6/PC solution and (d). 0.10
M TBABF4/PC solution.
The EC polymer film prepared by electrodeposition showed relatively good film quality. This is
potentially due to the unrestricted diffusion of TBA cation in the absence of PEG polymer matrix inside gel
polymer electrolyte.
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3.3.3 Effect of ionic liquid on in situ device
Ionic liquids (IL) are typically composed of dissociated ions with no interventing solvent.
Ionic liquids are molten salts at room temperature and have gained recent popularity in
electrochemical applications. Advantages of IL includes low volatility, high conductivity, wide
electrochemical potential windows and excellent thermal stability. Our previous work has
demonstrate ECDs with EDOT as EC monomer for achieving a photopic contrast of >40% when
BMIMPF6 was employed as salt in gel polymer electrolyte. The gel electrolyte with 8.3wt%
BMIMPF6 has ionic conductivity of 12.9 x10-4 S/cm, which was higher than gel electrolyte with
9.1wt% LiTRIF (4.8x10-4 S/cm). Ionic liquid device utilize ProDOT-Me2 as EC monomer was
also employed to study the effect of monomer size on the device performance. For in situ device,
the resulting PProDOT-Me2 film were found to be non-uniform compared to the uniform PEDOT
film as shown in Figure. Monomer diffusion was found to be a key factor that influence the quality
of in situ electrochromic device. In the case of in situ polymerization, the film quality is controlled
by both diffusion of the chromophore and charge carriers (salt). The poor EC film quality might
originated from the increased viscosity by incorporating ionic liquid, which limits monomer
diffusion rate. This observation is confirmed when the more viscous BMIMPF6 results in a less
uniform polymer film. As more ionic liquid was loaded into the gel electrolyte, the film quality
got worse due to the increased overall viscosity of gel electrolyte.
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Figure 3.9 (a). In situ ProDOT-Me2 device prepared from gel electrolyte of 8.26 wt% BMIM BF4.
(b). In situ EDOT device prepared from device gel electrolyte of 8.26 wt% BMIM BF4. (c). In situ
ProDOT-Me2 device prepared from gel electrolyte of 8.26 wt% BMIM PF6. (d). In situ ProDOTMe2 device prepared from gel electrolyte of 16.6 wt% BMIM BF4.

Figure 3.10 (a). In situ ProDOT-Me2 device prepared from a gel electrolyte of 8.3 wt% BMIM
PF6. (b). In situ ProDOT-Me2 device prepared from a gel electrolyte of 16.6 wt% BMIM PF6. (c).
In situ pyrrole device prepared from a gel electrolyte of 8.3 wt% BMIM PF6. (d). In situ ProDOTtBu2 device prepared from a gel electrolyte of 8.3 wt% BMIM PF6.
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Our group previously reported the high throughput screening method of several EC
monomers. The diffusion coefficient of EDOT monomer inside gel polymer electrolyte was 8
times larger than that of ProDOT-Me2 since PEDOT is smaller in molecular size. Based on the
difference in the diffusion rates between two monomers, we observed uniform film formation of
PEDOT in gel electrolyte in the presence of ionic liquid. The reason for this could be the high
viscosity induced by IL does not hinder the diffusion of PEDOT as it does for ProDOT-Me2. To
further explore the correlation between monomer diffusion rate and film quality, two monomers
of different size, ProDOT-tBu2 and pyrrole, were tested in the ionic liquid gel electrolyte. The
ProDOT-tBu2 monomer has diffusion rate in gel electrolyte (D = 4.6x10-12m2/s) that are three
magnitude smaller than that of pyrrol (D = 3.0x10-9 m2/s). As a result of the diffusion rate
difference, pyrrole was found to produce an good film quality, whereas for ProDOT-tBu2 there is
very little film formation at working electrode.
The use of ionic liquid increases the viscosity of the gel electrolyte therefore limits
monomer diffusion for film formation. The ProDOT-Me2 polymer film was spotty due to the
limited monomer diffusion rate. In order to solve this issue, a less viscous solvent diethyl carbonate
(DEC) was incorporated into the solvent system, a relatively uniform PProDOT-Me2 film was
formed which might be due to the improved monomer diffusion. For comparison, the viscosity of
DEC and PC are 0.75cP and 2.53cP, respectively (at 25C).
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Figure 3.11 (a). Colored State and (b). Bleached state for In situ ProDOT-Me2 device prepared from a gel
electrolyte of 8.3 wt% BMIM PF6: solvent for the gel electrolyte was a mixture of PC and DEC at a 1 to 2
mass ratio.

3.3.4 Effect of salt on switching speed for in situ ECD
Table 3.1 List of Salts that produced even (√) and uneven (×) electrochromic polymer layer from DMP
monomer.

Salt

DMP

EDOT

LiTriF

√

√

LiTFSI

√

√

LiBF4

√

√

BMIMBF4

×

√

TBAPF6

×

√

BMIMPF6

×

√

As shown in Table 1, only Lithium salts were found to produce uniform film quality in our
in situ assembly system. The switching speed profile for Lithium salt based ECDs were studied by
UV-Vis spectrophotometer upon application of a potential step. EC monomer were conversion
was performed under +3V and devices were switched between +2V and -2V at a 10s pulse width.
The transmittance value at 575nm was recorded as a function of time during the redox switching
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process. The switching speed is calculated as the time required to achieve 90% (transmittance) of
full color switching process. The results were summarized in Table 2 below.

Figure 3.12 Percent transmittance change at 575 nm for in situ EC devices prepared from
electrolytes based on LiTFSI, LiBF4 and LiTRIF during constant potential stepping between -2
V~ +2 V.
Table 3.2 Redox switching speeds for optimal photopic contrast in situ EC devices prepared
from gel electrolytes based on LiTFSI, LiBF4 and LiTRIF
Salt
LiTRIF

Color state
photopic
transmittance
19%

Bleach state
photopic
transmittance
63%

Coloring
Time
(s)
1.1

Bleaching
Time
(s)
3.0

LiTFSI

17.5%

64.5%

0.8

1.8

LiBF4

16%

64%

2.5

1.4
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In general, the switching performance for an ECD is dependent on several factors, namely
ion diffusion in and out of EC polymer film, ionic conductivity of gel electrolyte, polymer film
thickness and morphology. Ionic conductivity of the gel electrolyte is by far the most important
factor that determines the switching behavior of a device. A more conductive gel would results in
a faster switching response due the presence of more available mobile ions. This can be seen when
comparing the switching speed difference between LiTRIF and LiTFSI electrolyte. The LiTFSI
containing electrolyte has higher ionic conductivity than LiTRIF, therefore results in faster
switching speed when LiTFSI is employed.
Switching kinetics of cathodically coloring polymers can also be influenced by ion
diffusion rate of counter anions. During the oxidation process of ECD, electrons were partially
removed from the conjugated polymer chain, forming positive charges along the backbone.
Simultaneously, the counterions begin to diffuse toward the polymer chain for balancing the
charge. Tetrafluoroborate, due to its small size, has the highest mobility (diffusion rate) among
other anions. This could explain the short switching time of 1.4s (bleaching) when LiBF4 salt is
used. However, it is interesting to notice that LiBF4 gives a slower coloring (reducing) speed
compared with its bleaching process. This might be explained by repaid ion insertion and
accumulation. BF4- has a high mobility and can therefore be easily diffused towards the polymer
backbone during the bleaching process. As a result, the anion has a greater affinity toward the EC
polymer and could take a longer time for these anions to escape the polymer film during the
reduction process. Furthermore, when the number of switching cycles were increased, it was
observed that the coloring speed is decreased while the bleaching time remained relatively constant.
This could be a result of BF4 anion trapping inside the polymer film during the switching process.
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Figure 3.13 Chronocoulometry of in situ ProDOT-Me2 device prepared from (a) LiTRIF,
(b) LiTFSI, and (c) LiBF4 based gel electrolytes during constant potential stepping between -2 V
and +2 V.

3.3.5 Effect of PEG composition on ECD performance
The gel polymer electrolyte used in this study were prepared with 1 to 1 weight ratio (PC
to PEG) since this ratio was found to give the best device performance to date. The optimal salt
loading for Litrif is 9.1wt% which yields the highest ionic conductivity of 9.1x10-4 S/cm. Upon
UV curing, PEGMA forms a gooey linear polymer chain which is much softer than the PEGDMA
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which forms a rigid crosslinked polymer network. As the concentration of PEGDMA decreases,
the resulting PEG system will contain fewer crosslinks which results in enhanced ion mobility and
chain flexibility. In order to assess this effect, DSC was used to measure the glass transition
temperature (Tg) for these gel compositions. The Tg value of a polymer is determined by its chain
mobility in the amorphous domain. When the temperature is below Tg, polymer chain is in its
“frozen” state which results in an increased brittleness and reduced ionic conductivity. For this
study the PEGDMA concentration was varied from 0wt% to 100wt%. An trends can be observed
in Figure, whereas the Tg value increases from -84 to 68C while the peak ionic conductivity
reduces from 9.14x10-4 S/cm to 3.74x10-4 S/cm.
For ECD assembly, ITO coated glass was used as working electrode and ITO coated PET
was used as counter electrode. Figure 2 illustrate the relationship between PEGDMA weight
percentage and optimal device contrast. An interesting observation can be seen here whereas the
most conductive gel electrolyte does not necessarily give the highest photopic contrast. When the
concentration of PEGDMA is varied from 100wt% to 0wt%, optimal photopic contrast were found
to first increase to a maximum point and then decrease upon further decrease of PEGDMA
concentration. The optimized photopic contrast was found to take place at 25wt% PEGDMA
loadings. This composition give an intermediate ionic conductivity of 8.24x10-4 S/cm.
A possible explanation to this mismatched relationship between ionic conductivity and
photopic contrast could be related to the structure of polymer network. Since the ECD performance
is highly influenced by the monomer/ion diffusion, the crosslink density of the polymer network
can hugely affects the device quality. High crosslink density (ie. 100wt% PEGDMA and 0wt%
PEGMA) would results in a densely connected 3D network and therefore a restrict the mobility of
PEG segments as well as limit the monomer diffusion through the PEG matrix. On the other hand,
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zero crosslink density (ie. 0wt% PEGDMA and 100wt% PEGMA) would results in a loose
network which the PEG chain could interact with the monomer and limit its diffusion for polymer
film growth. Therefore a moderate crosslink density electrolyte would result a proper interchain
distance while keeping facile monomer diffusion. As shown in Table , the highest polymer charge
density took place at 25wt% PEGDMA which gave the system highest photopic contrast.

Figure 3.14 Optimal device photopic contrast as a function of PEGDMA wt% in PEG
across studied GPEs
Table 3.3 In situ ProDOT-Me2 polymerization charge density from studied GPEs with
different crosslink densities
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PEGDMA wt% in PEG

Crosslink Density

Polymerization Charge

(%)

(mol/cm3)

Density (mC/cm2)

100

1.16 E-03

13.01

75

1.11 E-03

15.05

50

8.65 E-04

15.25

25

4.59 E-04

19.08

10

2.12 E-04

18.01

5

1.04 E-04

16.62

2.5

5.22 E-05

14.44

1

2.02 E-05

14.42

0

0

13.42

3.3.6 Scalability of in situ EC devices
Production of large area devices is crucial for real commercialization of in situ ECDs.
Traditional electrodeposition would require a large amount of electrolyte solution, result in large
waste, and the fabrication and manufacturing process is challenging. In contrast, the simple, onestep in situ method has greatly simplified large area device manufacture. 4 inch × 8 inch devices
were successfully fabricated via an injection method (Figure 3.14). The same photopic contrasts
were achieved on large area devices. Devices prepared from a LiTRIF based gel electrolyte with
19 × 9 cm2 active area could be colored in 1.5 s and bleached in 6 s to achieve 90% of its full
contrast. In addition, gel electrolyte can also be scaled up easily for multiple device manufacture.
Scaled gel electrolyte up to 250 mL yielded devices with the same properties as the standard 10
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mL batch did, which indicates that twelve pairs of 4 inch × 8 inch EC googles can be prepared
under the same time scale in real production process.

Figure 3.15 (a) Colored state and (b) Bleached state for an in situ EC window of 9 × 19 cm2 active
area prepared from ProDOT-Me2.

3.3.7 Optical Memory of EC device
An advantage of conjugated polymer based ECDs is its ability to retain its colored or
bleached state after the electric field is removed. The main disadvantage of using viologens for EC
materials is that its colored state will quickly bleaches upon termination of external power supply
(current flow) due to the diffusion of soluble chromophore away from the electrodes (a
phenomenon known as self-erasing electrochromism). In solid state conducting polymer based
ECDs, where the chromophores (conjugated polymer) are adhered to electrodes, the device can
retain its colored that for days or weeks with no external current required. The optical memory
originated from the stable electrochemical redox process and can be important for eyewear and
window applications. It is desirable to have a high optical memory which means device will
consume less energy during a color switching cycle. Figure shows the memory effect for
DMProDOT devices prepared from Lithium salt based gel polymer electrolyte. The photopic
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transmittance of the device was monitored as a function of time while the device were placed in
ambient conditions. We set the upper limit for photopic transmittance loss as 2%.
Table 3.4 The effect on Bleach and Dark state retention time between different lithium salt
compositions with PProDOT-Me2 devices
Salt

Bleach state retention

Dark State retention

Time (min)

Time (min)

LiTFSI

5

33

LiTRIF

25

60

LiBF4

125

1620

From table 3.4, we observed the trend that the device optical memory will improve as the
size of anion decreases. One possible explanation is the smaller anion size will result a shorter
interchain distance in the gel electrolyte. A smaller interchain distance will slows down the
migration of lithium ion through the polymer a result in a retained photopic transmittance after the
external power is removed.

3.3.8 ITO coated PET for flexible electronics
The demand for flexible electronics has been increasing since the past decades. There are
many flexible substrate that can be useful for the application of next generation electronics. ITO
coated PET substrate is most often used in for fabrication of such device. We thoroughly
investigated the mechanical flexibility of ITO coated PET substrates from two manufactures.
Sample 1 is purchased from Bayview Optics with sheet resistance of 60 Ohm/sq (ITO thickness
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95nm). Sample 2 is purchased from CP film with sheet resistance of 20 Ohm/sq (ITO thickness
278nm). In order to assess the flexibility of ITO coated PET substrates, compressive and tensile
test were performance by conformally applying samples to cylinders of varying radius of curvature
ranging from 3mm to 16mm. For tensile stress test, the ITO surface was facing away from the
cylinder, and vice versa for compressive test. Each test was performed for 100 times at different
radius and sheet resistance was recorded before and after the bending cycles.
The test results of CP film was shown in Figure . When the tensile bending radius reaches
11mm, we observe a slightly increase in the sheet resistance. More significant increase in Rs can
be observed when the radius reduced below 9.25mm, accompanied by the increase of Rs to 134
Ohms/sq. When the bending radius drops below 7.5mm, there is a two order of magnitude increase
in Rs compared with untested samples. In general, ITO is an inorganic materials which is brittle
and rigid, bending of the material would promote crack propagation and lead to increase in sheet
resistance. Compared with tentile bending, the compressive bending tests were found to produce
a much slower conductivity loss. Similar behavior can also be observed in literature reports. Under
tensile stress, the ITO layer was convexly bending and forced to separate from each other, which
generate more spacing between initial undamaged layers. Therefore in order to prevent any
mechanical/electrical failure to the device, a minimum bending radius should be set (11mm in this
case). On the other hand, the thinner Bayview optics sample was found to withstand a smaller
bending radius which could be a result of reduced thickness of ITO layer (improved flexibility).
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Fig. 3.16 (a). Sheet resistance of CP film ITO/PET as a function of bending radius of curvature
under tensile (solid black square) and compressive (open red triangle) stress after 100 bending
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cycles; (b).Optical microscopy images (×5 magnification) of the ITO surface (1) before bending;
and after 100 bending cycles under (2) 7.5 mm; (3) 6.25 mm; (4) 5.5 mm; (5) 3.0 mm.

Figure 3.17 Sheet resistance of Bayview Optics ITO/PET as a function of bending radius of
curvature under tensile (solid black square) and compressive (open red triangle) stress after 100
bending cycles.

Figure 3.18 Optical microscopy image of Bayview Optics ITO/PET film (1) before bending (2)
after bending 100 cycles under radius 5.5mm (3) after bending 100 cycles under radius 3mm
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For Bayview Optics ITO/PET film, when the bending radius is below 11mm, we observe
a slight increase in the sheet resistance. When the bending radius reaches 9.25mm, the sheet
resistance went up to 73 Ohm/sq. Upon further decrease in the radius to 7.5mm, the sheet resistance
increase to 105 Ohm/sq. This smaller change in Rs for Bayview optics film could be related to its
reduced ITO layer thickness when compared with CP films.

3.3.9 Gel polymer electrolyte for flexible ECDs
In order to assess the mechanical properties of GPE in this study, the flexibility test was
carried out on gel polymer electrolyte to compare with the ITO coated PET substrate. The gel
sample size was 1 in x 1 in while the thickness was set at 0.5mm since this this the gel thickness
for ECD fabrication. Table 1 illustrate the flexibility test results for GPE system as a function of
sustainable minimum bending radius of curvature (mm).

Figure 3.19 Optical microscopy images (×5 and ×100 magnification) of GPE consisting of 10wt%
PegDMA in PEG before and after bending under 3 mm radius of curvature for 500 cycles;
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Table 3.5 Mechanical flexibility of studied GPE systems
PEGDMA wt% in
PEG (%)
100

Sustainable minimum
bending radius of
curvature (mm)
Hard, rigid

75

10

50

9.25

25

5.5

10

<3

5

<3

2.5

<3

1

<3

0

Sticky, stretchable

The polyelectrolyte at maximum crosslink density (100wt% PEGDMA) tend to be brittle
and easily break apart under the maximum studied radius of curvature. On the other hand, the gel
electrolyte containing 100wt% PEGMA has good flexibility, however the result device would
easily separate from the substrate (delamination), which is not favored for flexible applications.
As a result, the gel electrolyte that compose of a binary mixture of PEGMA and PEGDMA gives
the best balance between flexibility and adhesion to the substrate. Since the solvent to PEG ratio
were kept 1 to 1, we found the gel electrolyte in which PEG has 10wt% or lower PEGDMA has
exceptional flexibility and no cracks were observed during any bending experiments. The gel
electrolyte that contains 25wt% PEGDMA produces the device with highest photopic contrast to
date (ca. 53%).
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Figure 3.20 (1) GPE consisting of 10wt% PegDMA in PEG and (2) corresponding PProDOTMe2/gel electrolyte composite conformally bended to cylinder with 3 mm radius; (c) A 3 cm × 3
cm flexible in situ ProDOT-Me2 ECD bended diagonally and from the middle line its colored (1)
(2) and bleached (3) (4) states.
In terms of practical fabrication of flexible ECDs, one advantage the in situ method has
over traditional electrodeposition method is that it generates an EC polymer/gel electrolyte
composite layer rather than a compact EC polymer film as reported in our previous studies.8 (Yujie)
As electrochromic polymer chains are loosely distributed inside the gel electrolyte matrix, it will
be less likely to crack or peel during frequent flexing, therefore, the real ECD flexibility will no
longer be limited by the nature of EC polymer film but rather the maximum bending extent of the
gel electrolyte or substrates. In situ device assembly method allows the manufacture of large area
flexible ECDs towards commercialization. It also allows patterning onto curved substrates. Other
advantages includes color can be easily tuned through copolymerization of different band gap
86

monomer or by adding a solvent dye or electrochromic dye inside the in situ device. After all
optimized parameters being considered, high resolution patterned flexible ECDs were fabricated
to demonstrate the ability of this device.

Figure 3.21 Images of 110 cm2 in situ flexible ECDs patterned with (a) UCONN logo employing
PEDOT and (b) HUSKY logo employing a copolymer in situ copolymerized from Pyrrole and
EDOT (monomer feed ratio 99 wt%:1 wt%) in their neutral and oxidized states under (1) unbent
and (2) bended states, respectively.

3.4 Conclusion
The in situ approach is a simple, low-waste, and cost-effective method for preparing
electrochromic devices. To realize the practicality of this method, gel electrolyte components were
optimized to maximize their effects on device performance. We explored various types of salts
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and have found that the quality and efficiency of the polymer “film” formation was notably
affected. Monomer diffusion also plays a major role in this process. EDOT, which diffuses faster
than ProDOT-Me2, was found to uniformly polymerize in the presence of all of the salts used in
the study whereas ProDOT-Me2 did not. Lithium salts were found to work best with both EDOT
and ProDOT-Me2, resulting in ECDs with good color uniformity, high photopic contrast, fast
switching speeds, and sustainable optical memory.
The mechanical flexibility and device optical performance were optimized by control of
PEGDMA and PEGMA content. Both ionic conductivity and crosslink density of gel polymer
electrolyte were found to be a determine factor on the ECD performance. A device with 53%
photopic contrast was achieved based on the improved gel formulation. Through analysis of
mechanical flexibility for ITO coated PET substrate was carried out to compare its performance
with gel polymer electrolyte. The results indicate that the optimized gel electrolyte exceed the
flexibility of ITO coated substrate. Large area flexible in situ ECDs were made to demonstrate its
potentials for commercial applications.
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Chapter 4: Neutral color tuning of electrochromic devices;
Use of conjugated polymer and small organic molecules
4.1 Introduction
In this study, we demonstrated two facile methods to color tune the electrochromic devices
(ECDs) which can switch between two neutral color (neutral dark and bleached state) through the
use of conjugated polymer and small organic molecules. The commonly used electrochromophore,
poly(3,4-ethylenedioxythiophene) PEDOT, and poly(2,2-dimethyl-3,4-propylenedioxythiophene)
PProDOT-Me2 were demonstrated to show a neutral color transition in assembled device when
using balanced amount (or intensity) of an yellow colored organic small molecule dye 4,4'biphenyldicarboxylic acid diethyl ester (PCE). The assembled devices exhibit photopic contrast of
up to 55% when assembled on ITO coated glass substrates.
Electrochromic materials have the potential in becoming the next generation flexible
electronics owing to their applicability on flexible substrates. Recent example of
commercialization includes EC windows fabricated on Boeing 787 Dreamlinear and EC helmet
manufactured by Gentex. EC materials can be categorized as inorganics, small organic molecules,
and conjugated polymers. Conjugated polymer based electrochromic materials have gained
popularity due to their color variability, fast switching speed, high optical memory and low power
requirement. The conjugated structure give the EC polymer its ability to change spectral absorption
upon applying voltage potential. During this process, the energy gap/structure between HOMO
and LUMO for conjugated polymer was altered by applied potential, which results in a difference
in photopic absorption. A full spectral of color for CPs have been previously reported. These
interesting properties make CP advance for applications such as windows, displays and OLEDs.
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A neutral color is a color not associated with any single hue, but a color relatively close to
the black point for absorbance and white point for emittance. Some example of neutral colors are
grey, black and white. The mostly studied neutral color electrochromic systems are black EC
polymers utilizing donor-acceptor approach in a random copolymer backbone. Sotzing et al
previously realized a simple random copolymer approach by mixture of two precursor polymers
containing donor acceptor groups, achieving photopic contrast of 30%. Other reported method
utilized electrodeposition method by electropolymerize two DA groups inside an electrolyte
solution as well as multilayer complementary colored EC polymer. The advantage of neutral color
device is that it can provide an unmitigated view of the environment without changing the prospect
of original colors. Neutral grey or black EC devices generally minimize eye fatigue and provide
extra comfort under direct sunlight. Although some neutral color electrochromic polymer have
been reported, the design of EC devices that meet neutral specification has not been realized. This
is because it usually take complicated synthetic steps to produce conjugated polymers that can
achieve a certain color requirement. Furthermore, the high cost, time-consuming device assembly
process has made these products difficult to manufacture. Therefore, developing an easy method
for manufacturing neutral color devices is necessary.
Our research group previously invented a novel one step procedure for making in situ
ECDs. For this process, concentrated EC monomer is first dissolved into the liquid gel electrolyte
consisting salt, solvent, PEG polymer and photoinitiator. The liquid electrolyte is then sandwiched
between two pieces of transparent conductive ITO coated glass substrate. The device is then sealed
with UV curable adhesives. When the device is exposed with UV radiation, the liquid electrolyte
is transformed into a solid gel matrix. The polymerization of EC monomer was done inside the in
situ device with the application of electrical potential. Previous implementation of this one-step in
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situ procedure such as high throughput screening of color, which utilize the diffusion of two
monomer towards each other to generate a full color spectrum between the two. The synthesis of
acrylate ProDOT can immobilize unreacted EC monomer inside gel matrix, therefore enhanced
the stability and lifetime of the EC device for commercial applications.
Neutral color electrochromic device can be achieved in several ways. It can be achieved
through synthesizing copolymer composed of donor-acceptor group to achieve desired color
transitions. On the other hand, neutral color can also be obtained by mixing corresponding
chromophores based on the subtractive color mixing theory. For example, green can be made by
blending yellow and cyan absorbing materials. In this study, we demonstrated the ability to color
tune ECDs through the combination of conjugated polymer (blue/purple) and small molecule
organics (yellow). Neutral color ECDs were prepared by balancing yellow EC molecule with
blue/purple colored conjugated polymer.

4.2 Experimental
4.2.1 Materials and reagent
Diethyl 4,4'-Biphenyldicarboxylate was purchased from TCI chemical, Inc. Its molecular
weight is 298.34 g/mol. The solvent yellow dye was received from Lanxess, Inc. Its molecular
weight is 289.28 g/mol. 3,4-ethylenedioxythiophene (EDOT) was obtained from Heraeus Clevios
and was distilled under vacuum prior to use. 2,2-dimethyl-3,4-propylenedioxythiophene
(ProDOT-Me2) was synthesized according to the previously reported procedure. Lithium
trifluoromethane sulfonate (LiTRIF), tetrabutyl ammonium hexafluorophosphate (TBAPF6),
propylene carbonate (PC), poly (ethylene glycol) methyl ether acrylate (PEGMA, Mn=480 g/mol)
and polyethylene glycol dimethacrylate (PEGDMA, Mn=550 g/mol) and Bis(2,4,693

trimethylbenzoyl)-phenylphosphineoxide (BAPO) were purchased from Sigma-Aldrich and used
as received. Indium Tin Oxide (ITO) coated glass substrates (Rs= 8-12Ohm/sq) were purchased
from Delta Technologies and cleaned by methanol and isopropanol prior to use. Copper tapes were
purchased from Newark. UV curable adhesive was purchased from Norland products.

4.2.2 Electrolyte Composition
1g of LiTRIF, 3g of Propylene carbonate, 7g of PEGMA were mixed together and
sonicated for 10 minutes until fully homogenous mixture is achieved. EC monomer (EDOT or
ProDOT-Me2) concentration is 2.5wt% with respect to gel electrolyte.

4.2.3 In situ ECD assembly and characterization
For in situ ECD fabrication, ITO coated glass was used as working electrode and ITO
coated PET substrates was used as counter electrode. The transparent rubber gasket with thickness
of 0.8mm was used to provide separation and sealing of the device. The liquid gel electrolyte
containing monomer and yellow organic dye was then dropcasted onto the working electrode and
the counter electrode was carefully placed on top. The assembled ECD was then placed inside an
UV chamber (UVP CL-1000l, intensity 5.8mW/cm2) to transfer the liquid gel into semisolid under
long wavelength UV radiation (365nm) for 5 to 20 min. When the device is subject to +3V of
electrical potential (respect to working electrode), the monomer will diffuse towards working
electrode and then converted to conjugated polymer to achieve its EC performance. In order to
build a large EC device, two ITO coated substrate was pre-sealed with epoxy adhesives while
leaving an opening for injection at the side. The liquid gel electrolyte was then injected into the
device and the previous fabrication steps was carried out.
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Break-in cycles were performed on all ECDs by switching them between colored and
bleach state for 20 cycles (±2V, two electrode configuration, pulse width of 2s) prior to optical
characterizations. All electrochemistry were conducted with a CHI 400A potentiostat. Optical
characterization of ECD was performed on a Varian Cary 5000 UV-Vis-NIR spectrophotometer
and the built-in color software. The UV-vis absorption spectra were collected using a 10 degree
standard observer angle in measurement range of 360-860 nm at 1 nm intervals based on a D65
standard illuminant.

4.3

Results and Discussion

4.3.1 Neutral color tuning of ECDs
In order for a ECD system to exhibit neutral color, the chromophore must have full
absorption throughout the entire visible wavelength. Our approach to solve this problem is to use
a polymer that has broad absorption peak and combine it with an organic dye (or electrochromic
dye) of complimentary color, so that most of the visible region is covered. PEDOT has broad
absorption that spans from 500nm to 700nm with peak value at 610nm, giving it a deep blue
colored state. ProDOT-Me2 has absorption peak at 575nm and exhibits a purple/magenta colored
state. A yellow colored organic dye was chosen because its absorption peak at 450nm would be
complementary to the color of PEDOT or ProDOT-Me2 therefore achieving a neutral colored state.
The yellow solvent dye used for this study is Macrolex Yellow G Solvent Yellow 114 from
Lanxess, Inc. The electrochromic dye used is diethyl 4,4'-Biphenyldicarboxylate was purchased
from TCI chemical, Inc. The EC molecule PCE underwent two step reductions where the yellow
color transition took place at -2.0V and red color transition at -2.5V. The yellow solvent dye YG
does not undergo reduction or oxidation in the range from -2V to 3V indicates its stability over
this potential window. Both organic dyes were found to have good solubility in the electrolyte
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solvent propylene carbonate. This yellow dye was chosen because it allows the bleach state to stay
within the neutral color zone in the chromaticity diagram.

Figure 4.1 Neutral color zone in chromaticity diagram (The color inside circle is
considered as neutral color)
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4.3.2 Yellow solvent dye (non-electrochromic)
The gel polymer electrolyte were prepared for ECD device construction according to
previously reported procedures. An important step for achieving neutral color in assembled device
is to balance yellow dye and conjugated polymer absorption intensities. If the yellow intensity is
too high, it might distort the perception of color when the device is in its bleach state, essentially
put the bleach state color outside neutral zone. On the other hand, a too-low of yellow intensity
would not be enough to bring the blue colored PEDOT or purple colored ProDOT-Me2 into neutral
zone. Therefore, it is important to determine optimal amount of yellow intensity into the gel
electrolyte to maintain neutral colored state without sacrificing device contrast.
The molar absorptivity of yellow dye 114 was determined by examining the absorbance
value at 442nm as a function of dye concentration in propylene carbonate. The molar absorptivity
is determined to be 27200 M-1 cm-1.

Figure 4.2 Absorbance of YG 114 as a function of concentration (at 442nm)
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The optimized YG concentration was determined by firstly dissolving 5mg of YG in 5g of
PC to make YG stock solution. Then 205mg of the YG stock solution was added into 10g of gel
electrolyte containing PEDOT monomers. The optimized YG concentration was found to be
8.34x10-5M. The calculated YG absorbance at this concentration is determined to be 0.182. To
confirm this, absorbance of EDOT device at 442nm was subtracted from the YG+EDOT device
(dA=0.467-0.279). For which the YG absorbance in assembled ECD is determined to be 0.188,
which agrees with theoretical calculation.
Devices were first constructed on flexible ITO-coated PET substrates and latter optimized
on glass substrate. Figure 4.4 shows the spectroelectrochemistry of in situ PEDOT+YG device of
the colored and bleached state. Both devices were polymerized for 30s under constant potential of
+3V. From Figure 4.4, the peak intensity of YG and PEDOT was balanced to be on the same level
for reaching neutral color. The PEDOT+YG device exhibited a broader absorption across the
visible, when compared with EDOT only device. The photopic contrast of EDOT+YG on ITO
coated PET substrate is 30%, which is only 0.5% lower than the EDOT only devices. The UV-vis
absorption spectra of the yellow dye, PEDOT and their combination system in gel electrolyte was
shown in Figure .
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Figure 4.3 Overlay spectra of yellow dye, bleach and colored state of in situ EDOT device

Figure 4.4 UV-Vis absorption spectra of (a) yellow dye 114 (b) in situ PEDOT device and
(c) PEDOT and YG device
Table 4.1. Photopic Contrast Comparison between normal PEDOT devices and PEDOT + YG Devices

4.3.3 Electrochromic dye (PCE)
We investigated the properties of diethyl 4,4'-Biphenyldicarboxylate (PCE) which underwent a

two-step reduction at -2.0V and -2.5V. The color of PCE changes from transparent to yellow for
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the first step reduction and consequently to red in the second step reduction. According to our
previous theoretical calculations, the yellow color absorption would be complimentary to the
purple colored PProDOT-Me2 which enabled the potential of neutral color device through the
combination of the two chromophores. Figure shows the absorption spectra of PCE in its colored
and bleached states. The three photos shows the PCE inside three-electrode cell in bleached state
(no voltage applied) and yellow colored state (-2.0V) and red colored state (-2.5V). In the bleached
state, the PCE molecule does not have any absorption peak in the visible region, indicating its
colorless nature. When the potential of -2.0V is applied to the cell, an absorption peak 460nm
arises which indicate the color transition from transparent to yellow. Further increasing the
potential to -2.5V will trigger the second reduction state of PCE with the strong absorption at
568nm, resulting the transition from yellow to red.

Figure 4.5 Absorption spectra of PCE in its bleached (black dotted line) and colored state (2.0V: solid line, -2.5V: dashed line)
The PProDOT-Me2 and PCE in situ devices were fabricated in a two-step assembly method.
This essentially combines the absorption of PProDOT-Me2 (purple) and PCE (yellow 1st reduction
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state) so that neutral color can be obtained. The first layer was a relatively thick DMProDOT layer
prepared from assembled in-situ device. Devices were made using ITO-coated glass as working
electrode and ITO-coated PET as counter (upper) electrode. A gasket of 0.8mm thickness was used
as a spacer and device was assembled with normal procedure. UV curing time for 1st layer is
20min. Polymerize DMProDOT (5 sec interval) until absorbance value reach 1.0 to 1.1 AU (from
with UV-vis spectra). After polymerization of DMProDOT, the solid gel can be peeled off and
removed by slowly pulling ITO PET (counter electrode) away from the ITO glass working
electrode. 2nd layer was PCE layer with low TBAPF6 loading. Reference electrode silver wire is
placed inside this layer. Devices were build by adding two additional gasket layers (0.8mm
thickness each) to the first gasket. Silver wire was placed inline with the middle gasket. PCE gel
was then filled inside the device with another ITO-coated glass as counter (upper electrode). UV
curing time for 2nd layer is 20min. To switch device to dark state, apply -2.0V to -2.3V potential
(three electrode) in 5 second interval and monitor UV-Vis spectra for dark state until absorbance
value of peak (at 460nm) reaches 1.3 to 1.5 AU. To switching device from dark to transmissive
state, apply +1.2 to +1.3 V potential (three electrode).
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Figure 4.6. Color Coordinate of PCE + DMProDOT electrochromic device from -2.3V (Dark) to
+1.2V (Bleach) in a three electrode cell configuration
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Figure 4.7 UV-Vis absorption spectra of PCE + DMProDOT electrochromic device from -2.3V
to +1.2V in a three electrode cell configuration
Figure 4.6 and 4.7 shows the color coordinate and UV-vis spectra of PCE+DMP neutral
color system between their dark and bleach state. It has dark and bleach state transmittance of
13.101% and 68.609%, respectively. As a result, this neutral color system exhibit photopic contrast
of 55.5% while both colored and bleached state is inside neutral zone. PCE-DMP dual layer device
was tested under applied potential from -2.1V to -2.6V (three electrode configuration) aiming to
explore the second reduction step of PCE (to reach red color). Device was first tested under -2.1V
potential. As potential application time increase, we observed an increase in the yellow color peak
intensity until reaching a maximum value of 1.7~1.8 AU.
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Figure 4.8 The UV-vis spectra of PCE-DMP system (three electrode configuration) under constant
potential of -2.1V at different application time
PCE-DMP neutral color device was then tested under -2.4V potential. As potential
application time increase, we observe a decrease in the yellow color peak intensity from 1.8 AU
down to 0.95 AU, accompanied by a slight increase in the left shoulder of DMProDOT and
decrease at its right shoulder position. Device was then tested under -2.5V potential. As potential
application time increase, we observe a slight decrease in the yellow color peak intensity from 0.9
AU down to 0.8 AU, accompanied by an slight increase in the baseline around 350-440nm. No
other visible change was observed. Device was then tested under -2.6V potential. As potential
application time increase, we observe a increase in absorbance in the entire visible wavelength
which indicates the degradation of ITO at working electrode. This is confirmed by the visual
inspection of device.
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Figure 4.9 The UV-vis spectra of PCE-DMP system (three electrode configuration) under constant
potential of -2.4V at different application time

4.3.4 Colorimetry Analysis
The colorimetric analysis for the two neutral color system were characterized by CIE 1931
xyY color space based on the standard D65 illuminant. The white point on this color space is
located at (0.33, 0.33), which is also equivalent to black point at zero luminance. This white/black
point is the target for achieving neutral color ECDs. As shown in Figure , the PEDOT+YG device
(Neutral System I) exhibits a dark bluish grey color with color coordinate of (0.291, 0.317). Upon
doping, it switches to light yellow color with coordinate of (0.332, 0.359), also very close to the
white point. In comparison, the PEDOT has blue colored state with color coordinate of (0.226,
0.216) and bleach state (0.309, 0.329). As shown in Figure, with the help of yellow organic dye,
the colored state of PEDOT is shifted inside the neutral zone toward the white point where the
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target neutral color is. On the other hand, the bleach state also shifted toward yellow color, but in
a lesser amount, which allows the bleach color coordinate to remain inside neutral zone.

Figure 4.10 Images of Neutral and Oxidized states for small area (1.5 × 4.5 cm2) devices: (a) in
situ PEDOT device and (b) in situ PEDOT + YG device

Figure 4.11 Color coordinates of in situ PEDOT device neutral state (solid blue square) and
oxidized state (open blue square), in situ PEDOT + YG device neutral state (solid dark green
triangle) and oxidized state (open dark green triangle), reference white point (solid black circle)
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Similarly, the neutral system II (PCE+PProDOT-Me2) utilize conjugated polymer
PProDOT-Me2 and the small organic molecule dye PCE as the electroactive materials. As shown
in Figure, the dark state of PCE-DMP has genuine deep black color, while the bleach state is
highly transmissive. This neutral system exhibit dark state transmittance of 14.2% and bleach
state transmittance of 69.9%, give rise to a photopic contrast of 55.7%. The color coordinate for
the neutral system II in the dark state is determined to be (0.338, 0.333). Upon oxidation, its
bleach state is colorless with color coordinate of (0.304, 0.331).

Figure 4.12 The colored state (left) and bleached state (right) for a sample PCE-DMP device
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Figure 4.13. Color Coordinate of PCE + DMProDOT electrochromic device from -2.3V (Dark)
to +1.2V (Bleach) in a three electrode cell configuration

Figure 4.14. UV-Vis Spectra of neutral system II (PCE+DMP) at varying yellow intensities (Left).
Color Coordinate of in situ PCE+DMP device as a function of yellow color intensity
As shown in Figure 4.14, the color coordinate of neutral system II (PCE+DMP) is plotted
at different yellow intensities. Under potential of -2.0V (3 electrode system) only purple color of
PProDOT-Me2 can be observed. As the yellow intensity increases, we observed the shift of color
coordinate (purple) towards the upper-right corner (yellow color region). When the peak at 460nm
reached about 1.3-1.5 AU, the color coordinate of device will remain inside the neutral zone. Upon
further increase in the yellow intensity, the color of the device will travel towards upper-right and
eventually went outside the neutral zone.

4.3.5 Switching Speed

107

The switching behavior of neutral system I (PEDOT+YG) was studied by UV-Vis
spectrophotometer with potential step of 10s from -2V to +2V. The transmittance value at 555nm
was monitored continuously throughout the switching process. Under this condition, the devices
were observed to switch between 33.5% and 63.5% (transmittance) between two states, giving a
photopic contrast of 30%. The Switching speed of ECD was defined as the time required to reach
90% of full transmittance change. The in situ PEDOT+YG device has coloration time of 1.5s and
bleaching time of 2.7s. These values were very similar with PEDOT only device of the same size,
which has switching speed of 1s and 2.5s for coloring and bleaching, respectively.

Figure 4.15 Percent transmittance change at 555 nm for in situ PEDOT device and in situ PEDOT
+ YG device during constant potential stepping between -2 V to +2 V at an 8 s pulse width.

4.3.6 Device Fabrication
In situ device assembly method allows facile preparation of large area (ie. Windows)
devices, which is a crucial element for commercialization of ECDs for sunglass, automobile
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windshield and windows applications. In order to demonstrate the potential application of neutral
color ECD systems, a large area (16.7cm x 6cm) in situ device were build using PEDOT+YG as
active chromophore which brings the total area of device to be 100cm2. This device were made
by injecting YG containing gel electrolyte into the preassemble frames (ITO coated glass substrate).
The transmittance of device between dark and bleach state were scanned using UV-vis
spectrophotometer from 350 to 850nm. As a result, this device (PEDOT+YG) is optically defectfree ECD that exhibit photopic contrast of 40%.

Figure 4.16 Images of the 100 cm2 in situ PEDOT + YG device in the neutral and oxidized states.

4.4

Conclusion

In conclusion, we successfully fabricated in situ neutral color ECDs utilizing conjugated polymer
and small organic molecule dye. Neutral system I utilizes blue colored PEDOT and yellow organic
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dye for meeting neutral color requirement. Neutral system II utilize purple colored PProDOT-Me2
and a small organic electrochromic dye PCE for meet such requirement. In both cases, the yellow
colored dye does not interfere with the conjugated electrochromic polymers, allowing a
combinatorial effect for satisfying neutral color target. The optimized neutral system I
(PEDOT+YG) exhibit photopic contrast of 30% while neutral system II (PProDOT-Me2+DMP)
exhibit improved photopic contrast of 56%. Large area defect-free ECDs were built to demonstrate
the potential applicability of aforementioned system. Furthermore, this result opens up new
opportunities for the use of small molecule dyes for color tuning and contrast improvement, which
can be applied in advanced applications such as color changing eyewear or windows.
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Chapter 5: Electrochromics on polycarbonate substrates:
Use of low color long wavelength photo-initiators
5.1

Introduction and Motivation
This paper encloses a facile method to prepare in-situ solid state gel electrolyte on

polycarbonate substrates using a long wavelength photoinitiator (abs peak >350nm). Curing
kinetics monitoring and characterization were studied by FT-IR and performances were compared
among a selected choice of thermal and photo-initiators. Additional surface pre-treatments on
Indium Tin Oxide (ITO) coated plastic substrate were used to promote better gel adhesion and
electrochromic film quality. The types of thermal and photo-initiator, initiator concentration,
cross-linker concentration, solvent to polymer ratio, curing condition, gel thickness and ITO
surface treatment methods were studied to maximize the performance of ECDs fabricated via in
situ method. The optimized electrochromic gel system exhibits high photopic contrast (>50%),
fast

switching

speed

(1-3s)

and

good

film

quality using poly(2,2

dimethyl-3,4-

propylenedioxythiophene) (PProDOT-Me2) as the standard electrochromic material. Large area
electrochromic visors (5.25’’×11’’) were successfully fabricated on polycarbonate substrate to
demonstrate potential for commercial applications.
Polymeric electrochromic devices (ECDs) have found a wide applicability in eyewear,
architectural windows, automotive mirrors, aircraft, color changing fabrics and display panels,
owing to their high optical contrast, fast response time, and the color multitude achievable via
polymer structure modification [1]. Although most ECDs are built on glass support [2-3], many
encourage the use of plastics as lightweight, flexible and inexpensive substrate materials.
Polycarbonate (PC) has attracted particular attention due to its high strength, impact resistance and
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thermal stability. However, most colored substrate will not transmit UV light, and many grades of
transparent plastics contain additives such as UV inhibitors that can prevent curing of gel
electrolyte. The addition of thermal or “visible” light curing initiators allowed the ability to cure
through UV blocked substrates. Herein, we present a facile method to prepare in-situ solid state
gel electrolyte on polycarbonate substrates using a long wavelength photoinitiator (>350nm).
Curing kinetics monitoring and characterization were studied by FT-IR and performances were
compared among a selected choice of thermal and photo-initiators. Additional surface pretreatments on Indium Tin Oxide (ITO) coated plastic substrate were used to promote better gel
adhesion and electrochromic film quality. Parameters including the types of thermal and photoinitiator, initiator concentration, cross-linker concentration, solvent to polymer ratio, curing
condition, gel thickness and ITO surface treatment methods were studied to maximize the
performance of ECDs fabricated via in situ method. The optimized electrochromic gel system
exhibits high photopic contrast (>50%), fast switching speed (1-3s) and good film quality using
poly(2,2 dimethyl-3,4-propylenedioxythiophene) (PProDOT-Me2) as the standard electrochromic
material. Large area electrochromic visors (5.25’’×11’’) were successfully fabricated on
polycarbonate substrate to demonstrate potential for commercial applications.
Conjugated polymers have gained considerable interest for the ease of controlling band
gap energy, low manufacture cost, high stability, high color efficiency, and mechanical
flexibility[4]. Their unique electrical properties and ability to reversibly change color and versatile
structures make them ideal candidates for applications such as eyewear, smart windows,
automotive mirrors, color changing fabrics and display panels. Their colors and band gap can be
tuned through structural changes or copolymerization. However, their applications are not limited
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by the color changing phenomenon. Their electrochromic performance in IR region can also be
optimized for applications as spacecraft thermal control and infrared camouflage for the military.
Electrochromic devices (ECD) can be either transmissive or reflective depending on their
applications. For example, transmissive ECDs are electrochemical cells that utilizes liquid or solid
state gel electrolyte sandwiched in between two pieces of transparent conducting electrode (TCO)
whereas electrochromic layer coated on one side (working electrode). Automotive rearview
mirrors, which operate in a reflectance mode, can be paired with electrochromic materials for
reducing reflection intensity of the light from following vehicle at night time.
Research is now directed toward the use of solid state polymeric electrolyte. They are more
suitable for commercial applications because solvent evaporation and leakage are prevented. For
this purpose, our group previously developed the in situ method for the fabrication of solid state
gel electrolyte, composed of some salt that provides ions, plasticizer to dissolve the salt and to
enhance the ionic mobility and a polymer matrix to provide the mechanical strength. A solution of
an acrylate based low molecular weight polyethylene glycol, salt, solvent and initiator can be
prepared and placed in between two electrodes, and sealed. By photochemical or thermal
irradiation, initiators will produce radical and that will attack the active the site of acrylate group
and a solid cross-linked polymer gel matrix can be formed within minutes. Compared with
conventional device fabrication process, this novel approach, termed “in situ method”, eliminates
the solution step, has resulted in less waste, versatility in device manufacturing, the ability for open
atmosphere fabrication, and shorter assembly time by direct conversion of monomers in a crosslinked solid polyelectrolyte matrix after device construction.
Whereas the most commercial electrochromic devices were fabricated on rigid substrates,
typically transparent conductive glass substrates, there has been a growing demand for polymer
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substrates because of their low cost, flexibility and lightweight. Table 1 summarized the main
differences between glass and plastic substrate. Polycarbonate (PC) has attracted particular
attention due to its high strength, transparency, impact resistance, thermal stability and ability to
be fabricated into complex shapes. However, most colored substrate will not transmit UV light,
and many grades of transparent polycarbonates contain UV stabilizers which prevents them from
discoloring or becoming brittle in sunlight. Polycarbonate and trivex lenses, due to the added UV
stabilizer, both naturally block nearly 100 percent of UVA and UVB radiation. Polycarbonate has
short wavelength cutoff at 380nm, while borosilicate glass substrate has UV cutoff at
approximately 185nm. During in situ ECD manufacturing process, liquid electrolyte is converted
to solid state inside the transparent substrate. Transmission through substrates is crucial because
UV light must reach the full depth of electrolyte achieve thorough cure and its associated
performance properties. Of the initiation systems, the most commonly used for methacrylate-based
gel electrolyte is 2,2-dimethoxy-2-phenyl acetophenone (Irgacure 651, Ciba). This photoinitiator
has maximum absorption at 340 nm which is blocked by common UV stabilized plastic substrates
and results in an uncured device. To counter this problem, we examined a selected choice of photoinitiators that absorb UV/Visible light spectrum from 360nm to 420nm. The addition of thermal
or “visible” light curing initiators allowed their ability to react through UV stabilized substrates.
Phenylbis (2,4,6-trimethylbenzoyl)-phosphine oxide (BAPO) is a long wavelength initiator
that has part of its absorption in the visible spectrum between 360 and 420 nm (max = 371nm). It
also has high reactivity which could help incident light penetration through substrate and increase
the polymerization depth through the resin. The use of light cure initiators has been demonstrated
for many commercial applications, e.g., adhesives, coatings and composites. However, little
information exist about their efficiency when used in gel electrolyte components for ECDs.
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Therefore, the aim of this study was to evaluate the performance of light cure initiator as an
alternative in a gel electrolyte system through the polymerization kinetics and mechanical
properties of the polymer. The new light cure formulation composed of a long wavelength
photoinitiator BAPO, salt lithium trifluoromethanesulfonate (LiTRIF), solvent propylene
carbonate (PC) in polymer host consisting a di-methacrylate PEG oligomer (poly(ethylene glycol)
dimethacrylate) (PEGDMA) and a mono-acrylate PEG oligomer (poly(ethylene glycol) methyl
ether acrylate)(PEGMA), and their applications in electrochromic devices.
Parameters including the types of thermal and photo-initiator, initiator concentration,
cross-linker concentration, solvent to polymer ratio, curing condition and ITO surface treatment
methods were studied to maximize the performance of ECDs fabricated via in situ method.
Optimized polyelectrolyte demonstrated a high ionic conductivity of 1.36 × 10-3 S/cm and yielded
ECDs with a photopic contrast up to 52%. These devices were further tested with electrochemical
switching stability.

5.2

Experimental Section

5.2.1 Materials
Poly (ethylene glycol) dimethacrylate (PEGDMA) (Mn = 550 g/mol), poly (ethylene glycol)
methyl ether acrylate (PEGMA) (Mn = 480 g/mol), lithium trifluoromethanesulfonate (LiTRIF),
propylene carbonate (PC), Phenylbis (2,4,6-trimethylbenzoyl) phosphine oxide (BAPO),
Diphenyl(2,4,6-trimethylbenzoyl) phosphine oxide (TPO), 2,4-Diethyl-9H-thioxanthen-9-one
(DETX) were purchased from Sigma-Aldrich and used as received. Acetonitrile (ACN;
Merck, >99.93), dimethyl sulfoxide (DMSO; Merck; 99,9%), and isopropyl alcohol (IPA; Merck;
99%) were used without further purification. Indium Tin Oxide (ITO) coated glass (sheet
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resistance8-12 Ohms/sq, Part Number: CG-50IN) were purchased from Delta Tech Inc. Two
different ITO coated polycarbonate substrate of which sheet resistance are 60 Ohms/sq and 35
Ohms/sq were purchased from Evaporated Coatings Inc (ECI) and Diamond Coatings Inc,
respectively. The polycarbonate substrate has scratch resistance coating on both side and antireflective coating coated on the opposite side of ITO. UV curable glue (UVS 91) was purchased
from Norland Products. Conductive cooper tape and transparent silicone rubber gasket (0.02 inch
thick)

were

purchased

from

3M

Inc

and

used

as

received.

2,2-dimethyl-3,4-

propylenedioxythiophene (ProDOT-Me2)was synthesized according to the reported procedure.
3,4-ethylenedioxythiophene (EDOT) was purchased from Heraeus Clevios GmbH and distilled
under reduced pressure prior to use.

5.2.2 Electrochromic Device Assembly
Liquid electrolytes comprised of 5g propylene carbonate, 5g methacrylate based PEG
oligomers (PEGMA and PEGDMA binary mixtures in various ratios), 1g LiTRIF, choice of light
cure photoinitiators at different weight loading (0.01wt% to 0.5wt% in gel) was used for all devices.
The above mentioned mixture was sonicated for 15 minutes until fully dissolved. For in situ ECD
fabrication, the liquid electrolyte was loaded with 2.5wt% of thiophene based monomer and was
then injected in between two ITO coated substrates (cleaned by sonicating in IPA before use).
Silicon rubber gasket (0.51 mm thick) was applied between the two ITO coated substrates as the
spacer prior to the injection of electrolyte. A 365nm light compartment (5.8mW/cm2) was used to
cure the gel electrolyte and seal the devices with UV adhesive. After photo-curing, a constant
potential of +3 V was applied to the solid state device to electropolymerize the monomers and
switched between the voltages of +-2V after polymerization. All electrochemistry measurement
was carried out using CHI 400, 660A and 720 potentiostats.
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5.2.3 Optical Characterization
Film thickness were obtained using a Veeco Dektak mechanical profilometer. Spectroelectrochemistry was carried out using a Varian Cary 5000 UV-vis-NIR instrument with a 150mm
integrating sphere. The absorbance spectra of electrochromic device were measured from 350 nm
to 850 nm and corresponding photopic transmittance value was calculated using Eq. (1)
850

Tphotopic =

∫350 T(λ)S( λ)P( λ)dλ
850

∫350 S( λ)P( λ)dλ

Where T(λ) us the transmittance of the device, S(λ) is the normalized spectral emittance of
a 6000K blackbody and P(λ) is the normalized spectral response of the eye. Photopic contrast is
defined as the difference between transmittance or absorbance between the colored and bleached
states of the device and was monitored as a functional of polymerization time to ensure the
achievement of optimal contrast. All contrast values herein are without baseline corrections (it
represents the transmittance through all materials and interfaces of the device), which represents
the most realistic perception of human eye. Color data were calculated using a measurement range
of 350-850 nm in 1nm intervals, and a D65 illuminant.

5.2.4 Kinetics of Curing Process by FTIR
The infrared absorbance spectra of the uncured and cured gel electrolyte were monitored
using a Bruker Tensor 27 Fourier Transform Infrared (FTIR) spectrophotometer. A thin film cell
was made by sandwiching liquid electrolyte in between two round 25mm potassium chloride (KCl)
crystal windows in a cell holder locked in position with a lid. Absorption spectra were recorded
from 4000 to 400 cm-1 wavenumber with 32 cans at a resolution of 4cm-1 in transmission method.
The changes in the spectra during cure were evaluated in the 1700 to 1500 cm-1 region. A UVP
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CL-1000 light compartment emitting 365nm wavelength light was served as the irradiation source.
The light intensity was adjusted to be 580 mW/dm2. This corresponded to 480 mW/dm2 when
passed through one KCl disk vertically placed on the calibration plate of the machine. Experiment
was performed at a controlled room temperature of 23 C and 60% relative humidity.
Infrared absorbance for a clean KCl plate was used as background, A0. The percentage of
unreacted carbon carbon double bonds was determined from the ratio of absorbance intensities of
aliphatic C=C (1637 cm-1) against the internal standard peak (1550 cm-1) from the propylene
carbonate solvent. The degree of conversion in the gel electrolyte resin was calculated based on
the C=C stretching vibrations at 1637 cm-1 for each curing condition according to Eq. (2):
%𝐶 (𝑡𝑖) = 1 −

[A(ti) − 𝐴0]
[A(t0) − A0]

Where A(t0) represents the area under the IR absorption peak at 1637 cm-1 in the uncured
material, A(ti) is the absorption in the cured material after an irradiation time ti, and A0 is the
background signal.

5.3

Results and Discussions

5.3.1 Gel polymer electrolyte composition and function
As an indispensable component in all electrochemical devices, electrolyte serves the
purpose of transferring charges in the form of ions between electrodes. It allows ions to move in
and out of the electrochromic polymer which enables color switching. Gel polymer electrolyte
(GPE) is generally obtained by incorporating a salt containing liquid plasticizer/solvent to a high
polymer to form a stable semi-solid gel. The salts provide solvated ions for conductivity, the
solvent dissolves salt and provides a medium for ion transport to occur. The polymer portion is
employed as the mechanical support, which is usually swollen by the liquid electrolyte. Unlike the
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solvent-free solid polymer electrolytes (SPEs), GPEs are more closely resemble the liquid
electrolyte system in terms of electrochemical mechanism. GPE was employed in this study
because it is capable of providing high ionic conductivity similar to liquid electrolyte while
maintaining excellent mechanical integrity.
Poly ethylene glycol (PEG) has been widely used as polymer host for gel electrolyte
formation. It has substantial segmental mobility and wide operating windows. The electron
donating ether groups allows the polymer chain to coordinate with metal cations which is
advantageous for its compatibility with variety of salts [19-21]. The liquid electrolyte system
should be avoided when ECDs are used for wearable electronics due to the close proximity to
human eye/skin if leakage occurs. An acrylate functionalized PEGDMA was chosen in conjunction
with PEGMA for its ability to form a solid polymer matrix after UV crosslinking.
An ideal solvent for GPE should have a high dielectric constant, low viscosity and be
electrochemically stable in a wide temperature range. [22] Propylene carbonate was particularly
attractive because of its high dielectric constant (64.92 at 25 °C), low viscosity (2.53cP at 25°C),
high boiling point of 242°C and low freezing point of -48.8°C. [23] More importantly, it offer
great solvating power and compatibility with wide variety of lithium salts. As an electrolyte
solvent, PC enhances the segmental motion of the PEG host polymer chains which leads to
improved ionic conductivity of the gel. In electrochromic applications, it has been reported that
films prepared in PC has significant smoother and flatter morphology than those prepared in
acetonitrile, yielding higher photopic contrast and coloration efficiency. [24]
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In this study, the solvent to polymer weight ratio were set to be 1:1 in all gel electrolyte
studies as this ratio gave the best device performance to date [25]. For in situ assembly method,
the monomer is dissolved into the liquid polymer electrolyte, which consists of plasticizer, salt,
and low molecular weight acrylate functionalized polyethylene glycol (PEG). This liquid
electrolyte is sandwiched between ITO coated glass and/or PET substrates, and subsequently
converted into a solid gel by UV irradiation in the presence of a photoinitiator. In the final step,
by applying a +3V potential, EC monomer ProDOT-Me2 begins to polymerize inside the solid
polymeric matrix, close to the working electrode, in a gradient fashion whereby the highest
concentration of conducting polymer is closest to the working electrode and the density decreases
with increasing distance (Figure). This layer obtained from in situ method was not a pure EC film,
but rather a composite or blend of the electropolymerized material and the gel electrolyte. [26] The
in situ EC composite layer has better chain separation which shows higher optical transparency in
the doped state compared to pure EC film prepared ex situ. Therefore proper curing of the gel
electrolyte device is crucial for achieving uniform EC polymer layer, as the uncured gel often
contains a mixed liquid and solid electrolyte. In order to improve the electrochromic performance
with in this system, the choice of photoinitiator should be examined to optimize the cure of
acrylate-based gel electrolyte.
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Figure 5.1 Schematic diagram for in situ polymerization (a). Liquid monomer electrolyte was
sandwiched between two ITO coated substrates (b). Liquid electrolyte was cured under UV light
to produce a solid electrolyte gel (c). Electrochromic polymer/electrolyte blend was generated by
converting monomers at a potential of +3 V.

5.3.2 Photoinitiator Selection
A photoinitiator is a compound that added to a formulation to convert absorbed UV or
visible light energy into chemical energy in the form of initiating species, ie. cations or free radicals.
The selection of suitable photoinitiator or combination is crucial in achieving the desired speed
and balance of gel electrolyte properties. This is dependent on a number of factors including
chemistry of resin systems, selection of monomers (mono or multifunctional acrylate), UV lamp
type, substrates, gel property requirements and many others. In this study, we focused on the
substrate material as it determines the light transmission for UV curing. Borosilicate glass, as the
most frequently used window material and substrate for ECDs, transmits radiation from the
infrared to approximately 300nm. The wide transmittance window allows the use of DMPA
initiator (absorption peak at 254 and 332nm) for the photopolymerization of methacrylates. When
ITO coated polycarbonate is employed, DMPA initiator will no longer work and efficiency of long
wavelength photoinitiator will be reduced because any transmittance cut off at 350nm. In figure ,
three photoinitiator (BAPO, TPO and DETX) were chosen as the potential candidate for this study
as they both have moderate absorbance outside the UV block region (>370nm).

122

Figure 5.2. UV-vis absorption spectra of various low color light cure photoinitiators and ITO
polycarbonate & glass substrate
The wavelengths of interest for this study range from 350 nm (wavelength below this value
are generally blocked by UV inhibitors treated polycarbonate substrates) to approximately 410 nm
(above this value, the photoinitiators will introduce undesirable residual color for electrochromics).
In Figure 2, the result reveals that DETX has absorption peak at around 384nm which extremely
high molar absorptivity. While BAPO has absorption peaks at 246nm, 282nm, and 370nm in
acetonitrile and the corresponding molar extinction coefficient at 370nm is 860L mol-1 cm-1. The
high absorption is attributed to the n to pi* transition from the conjugation with the two phosphoryl
groups. Similarly TPO exhibit absorption maximum at 380 nm and molar absorptivity of 620 L
mol-1 cm-1. The absorption peak of BAPO extending up to 420-440 nm where TPO peak tails off
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at around 405nm. Absorbance in the visible range results in photoinitiator being colored. The
advantage of TPO for optoelectronics is that it has lower absorbance above 400nm when compared
with BAPO, thus appears more transparent in solution. Higher transmittance in the preactivated
ECD would be beneficial for maximizing the photopic contrast of the device.

Figure 5.3. (Left) Comparison of UV-vis spectra of BAPO and TPO in methanol, (Right) solution
of BAPO and TPO in 2-phenoxyethyl acrylate

5.3.3 Kinetics of Polymerization by FTIR
The UV polymerization of mixed PEG gel electrolyte was monitored by measuring the
change in the characteristic FTIR peaks for acrylic C=C bonds (~1610-1650 cm-1). A number of
peaks observed in the fingerprint region between 1500 and 500 cm-1 was associated with all
manner of bending vibrations within the gel electrolyte component molecule (PEGMA, PEGDMA
and propylene carbonate etc). Despite the complication, the peak at 1637 cm-1 was highly visible
and responsive/sensitive to the light beam of curing machine. The FTIR spectra for the gel
electrolyte at different irradiation time are shown in Figure 2, it is evident that the band at 1637
cm-1 was attributed the C=C stretching in the methacrylate functional group, the intensity of this
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band decreases with increasing with curing time. This is accompanied by a shift of C=O peak from
1720 cm-1 to 1730 cm-1. The C=O peak shift is associated with the change in the mobility of the
C=O bonds with the gradual opening of the C=C bonds. The conversion curves as a function of
irradiation time relating gel electrolyte with different concentration of BAPO initiator are shown
in Figure .It is evident that, by decreasing the BAPO content in the formulation, a slightly decreases
of polymerization rate is induced. A complete double bond conversion can be achieved with all
five initiator concentrations. The sensitivity of the polymerization process was highly dependent
on the BAPO content. Main differences can be seen in the kinetic rates during the chemical
controlled stage, namely the position of the onset point and maximum conversion. The most
spontaneous reaction was recorded for the highest concentration of 1.0 wt%, while a lethargic
reaction was observed for the lowest concentration of 0.01wt%. The onset point where the
chemical controlled state proceeds into a much slower, diffusion controlled increase in conversion
was clearly recognizable. The onset times increases with increasing initiator content as shown in
Figure 5.4. The maximum conversion of 100% was achieved in the mixed PEG system with all
five concentrations.
The conversion as a function of curing time of methacrylate in the presence of different
concentration of TPO initiator are shown in Figure .Our FTIR experiment revealed that both BAPO
and TPO have very similar polymerization behavior at concentration greater than 0.1wt%. While
TPO shows much slower polymerization rate at low initiator loadings (0.01wt%). It has been found
that at higher concentrations the rate of polymerization (Rp) rapidly reaches a maximum followed
by a dramatic decrease.
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Figure 5.4. Degree of conversion (DC) and polymerization rate Rp (s−1) of BAPO (a and c) and
systems that contain TPO (b and d) as the standard initiator under polycarbonate substrate.

5.3.4 Optimization of gel polymer electrolyte for high contrast ECDs
Improving photophic contrast have always been the primary goal in the development of
polymeric ECDs. Most ophthalmic lenses coatings requires the integrated contrast (%T) across the
visible of >50%. In order to evaluate the electrochromic properties of a solid state ECD, in-situ
devices were built and characterized with ProDOT-Me2 chosen as the standard EC monomer.
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ProDOT-Me2 switch between purple colored state and transparent oxidized state, were found to
have a higher contrast than PEDOT and many PProDOT derivatives. This is attributed to the larger
functional groups in PProDOT-Me2 which leads to a greater interchain distance, results in lower
absorption in the infrared region, and therefore a more transparent oxidized state.
Electrochromic devices were assembled using ITO coated polycarbonate (45-60 Ohm sq1) as both the working and counter electrode. All devices in the following study were made from
2.5wt% EDOT, 50wt% PC as electrolyte solvent and 9.1wt% salt which yield the highest
performance ECDs to date. The UV curable di/mono acrylate mixture was composed of PEGDMA
and PEGMA oligomers, respectively. As shown in Table 1, properties of the GPEs, including
crosslink density, ionic conductivity, photopic contrast and glass transition temperature are
correlated with each other. Upon UV curing, PEGDMA will produce a highly crosslinked polymer
with a strong rigidity dimensional stability, whereas PEGMA will form a linear polymer with
flexible backbone chains that are mechanically soft.

Figure 5.5 (a) Colored state and (b) Bleached State for a polycarbonate EC window employing
ProDOT-Me2 using in situ approach
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Figure 5.6 Plot of photopic contrast as a function of conversion time for gel polymer electrolyte
consisting 25% PEGDMA as the host polymer
In order to form the conductive polymer inside the electrochemical cell, an external
potential is needed to be applied to overcome the energy barrier. This barrier depends on the
electronic structure of EC monomer, which can be tuned by introducing electron rich or deficient
substituent to the monomer unit. There has been well established theory for the electrochemical
polymerization of conjugated polymers onto various electrodes. According to Diaz mechanism,
monomer and oligomers will return to their neutral states before further polymerization process.
The neutral molecule then again lose an electron in order to react with other monomer cations for
the formation of polymer chains. Thus, the Diaz mechanism shows that there are two electrons per
monomer unit involved during the polymerization process. Figure 5.7 shows the step formation of
polypyrrole following Diaz and Pletcher mechanism.
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Figure 5.7 Proposed Mechanism for electropolymerization of pyrrole by Diaz et al.
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Figure 5.8 Proposed Mechanism for electropolymerization of pyrrole by Pletcher et al.
Diaz et al. proposed that monomer become oxidized and form radical cation upon
application of appropriate potential. Two radical cations get coupled and combines by losing two
protons. A dimer then gets oxidized and forms a new radical cation, which was then coupled with
other radical cation units. In this case, the dimer formation would be difficult because two likely
charged species come close proximity to couple. Pletcher et al. proposed another mechanism where
the cation radical formed by the loss of an electron reacts directly with a neutral molecule forming
a cation dimer. The cation dimer loses another electron and 2 protons giving the neutral dimer.
Satoh et al. have examined this mechanism by comparing it to the classical two radical cation
couplings. As shown in Figure 5.8, this reaction and polymerization are affected by monomer
concentration. Furthermore, the polymerization charge/current depends on the monomer
concentration as well. After the deposition of conjugated polymer onto working electrode, the
electron transfer between polymer and electrode can be controlled by the amount of applied
potential. The general energy diagram for the EC polymerization is shown in Figure .
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Figure 5.9. General electrochemical energy transfer diagram for conjugated polymers
In general, the film thickness of a conjugated polymer prepared by in situ electrochemical
polymerization is directly proportional to the charge density that passes through. The
transmittance/absorbance of the bleached and colored state is proportional to the film thickness
based on Beer’s law. For in situ device assembly method, the conjugated polymers are growing
inside the solid gel matrix. Therefore it is difficult to measure the polymer film thickness directly
(by Dektek). The equivalent film thickness can be calculated using overall charge consumption
during polymerization process. This charge consumption can be obtained from the
chronocoulometry data (CHI instrument software).
Equivalent film thickness for conjugated polymer is calculated as follows
Charge consumed Q (C) obtained from E-chem station software
# of moles of electrons involved = Q/(1.6E-19C/e-)
# of monomers reacted = 0.5* # of moles of electrons involved
Conversion % = (# of monomers reacted * 142g/mol)/(Mass of monomer in device initially)
131

Assume density of PEDOT to be 1g/cm3
Equivalent film thickness (nm) = 107*(# of monomers reacted * 142g/mol)/ (1g/cm3*
Active area of the device)
The photopic transmittance of the bleached and colored states of DMProDOT in situ device
as a function of electrochromic layer thickness and conversion time is shown in Figure . The
percent transmittance of both bleached and colored states decreases upon increasing
polymerization time (or polymer layer thickness), where corresponding photopic contrast
increases and reaches an optimum value at 53% at ca. 200nm. The same trend was observed for
other EC polymer systems as well (ie. PEDOT).

Figure 5.10 Photopic transmittance of PProDOT-Me2 in its colored state (blue diamond),
bleached state (dark purple square) and corresponding photopic contrast (red triangle) as a function
of equivalent polymer film thickness for PProDOT-Me2
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Figure 5.11 Photopic transmittance of PEDOT in its colored state (light blue diamond),
bleached state (red square) and corresponding photopic contrast (green triangle) as a function of
equivalent polymer film thickness for in situ PEDOT device

5.3.5 Chronoabsorptometry
Chronoabsorptometry is a technique which enables us to analyze the change in photopic
contrast (d%T) of an EC polymer at a variety of switching speed. It uses the Cary 5000 UV-VisNIR spectrometer with a potential square-wave experiment. While the photopic contrast is
monitored at lmax of the polymer system, the potential is switched repeatedly between the voltage
for the neutral and oxidized states and held at these two voltages for certain amount of time. The
typical data is shown in Figure . The EC polymer is switched over gradual shorter time lengths
starting with 20s switches at the longest and ending at 2.5s cycles to demonstrate the longevity of
the film and the ability to endure a variety of speed. The photopic contrast is calculated by
substracting the neutral state transmittance from the oxidized state. At cycles of 20, 15 and 10s the
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d%T is ~55%. At 7.5s cycles the d%T is ~52%. Due to diffusion limiting processes, at 5 and 2.5s
switches the d%T drops dramatically to ~49 and ~39% respectively. However, this can be further
optimized with device engineering. Switching speeds faster than 2.5s was not measured as the
contrast drops significantly as cycling proceed. Stability is generally a property of materials that
depends on the several of factors, such as sheet resistance of substrate and purity of EC monomer.

Figure 5.12. Chronoabsorptometry for a PProDOT-Me2 film prepared by in situ
electrochemical polymerization inside ITO coated polycarbonate substrates. Switching times are
colorized for easy visualization

5.3.6 Spectroelectrochemistry
Spectroelectrochemistry is a technique that determines the spectral behavior of an EC
polymer at incremental potentials over a range of wavelengths using an UV-vis NIR
spectrophotometer. In general, when a new EC monomer is synthesized, the entire spectrum of the
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conjugated polymer film needs to be collected from the visible to NIR regions. The range of 300
to 2000 nm allows one to observe polaron and bipolaron transitions. After data has been collected,
it is recommended to plot from 350 to 850 nm to show the absorption in the visible spectrum.
Once the in-situ polymerization process is carried out and the optimized contrast is
achieved, the electrochemical break in cycles is then performed to ensure the fulfillment of fully
oxidized and neutral state. The most negative potential is applied to the in-situ device and spectrum
of EC polymer is taken in its neutral state. This is then repeated in +50mV steps until a highest
stable potential is reached, corresponding to the highly transmissive oxidized state. This process
is shown in Figure . The band gap is taken as the onset of absorption at around 700nm. The
absorption spectra from spectroelectrochemistry experiment can also be converted to %
transmittance plot.

5.3.7 Long term stability of in situ EC devices
An advantage that ECDs have over other displays such as LCDs and OLEDs is its optical
memory, aka. open circuit memory, which is defined as the ability to retain its colored or bleached
state after the electric field is removed. This memory effect is originated from the stable
electrochemical doping/dedoping process and is an important property of ECD in real eyewear and
window applications, as it allows the display of static information without applying potential.
Figure 5.13 shows the memory retention of a 4 inch × 8 inch ECD at different wavelengths for
270 h. The device was applied at -2 V for 20 s to get fully reduced, and the electrical supply was
disconnected. Device was then placed in open air under ambient light conditions and percentage
transmittance values at 500 nm, 550 nm and 600 nm were monitored as a function of time. As can
be seen from Figure 5.13, the colored state was well maintained. The transmittance values were
held at almost the same intensity as the initial values up to 2.5 hours, then there was slight increase
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as time proceeded. After 270 hours of electrical disconnection, the photopic transmittance value
loss is less than 4.5%, indicating that the dark EC state was sustainable.

Figure 5.13. Memory effect for the large area in situ device utilizing PProDOT-Me2 on
ITO coated polycarbonate substrates without power supply at three different wavelengths
The long term stability of the in situ polycarbonate ECDs was measured by switching the
device for 3000 cycles, which resulted in a 1.7% loss of photopic contrast from an initial 53.4%
contrast to 51.7% after 3000 cycles. To further increase the stability of the ECD, the ProDOT-Me2
monomer can be substituted with an acrylated ProDOT monomer, which has shown to have stable
switching behavior over 10000 cycles with only a 3% loss in photopic contrast.
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Figure 5.14. Long term stability (switching) study of an in situ ProDOT-Me2 device using
ITO coated polycarbonate substrates

5.4

Conclusions
The in situ approach provides a simple, low-waste and cost-effective method for preparing

electrochromic devices on ITO coated polycarbonate substrates. To realize the practicality of this
method, gel electrolyte components were optimized and long-wavelength photoinitiators were
used to maximize device performance. We explored various types of photoinitiators and have
found that acylphosphine oxide type initiator achieved the fast curing time and optimum device
quality. EDOT and ProDOT-Me2 were both found to uniformly polymerize in the presence of
Lithium salt, resulting ECDs has good color uniformity, high photopic contrast of 53%, fast
switching speeds, and sustainable optical memory.
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Chapter 6: Patterning Conjugated Polymers PEDOT:PSS on
Flexible and Stretchable Substrates for Wearable Electronic
6.1 Introduction and Motivations
The flexible and wearable electronic screens and devices are the current trend in the
consumer market that today exhibited with smart phones such as Apple and Samsung. [1-3] The
ability to bend and shape electronics without diminishing the electronic characteristics of a device
is essential for long-term stability. Current technologies employ metals as conductive layers that
have several deficiencies that include higher cost, high density and stiffness that limit the amount
of bending a device can achieve before the degradation of the conductive substrate. [4] In the 1970s,
Shirakawa and his collaborators were the first to report an organic polymer, polyacetylene, that
exhibited conductivities comparable to metals. [5-7] These new findings were the genesis of the
field of synthetic metals, however, polyacetylene was not stable in air which limit its
commercialization. Since then, conducting polymers have been extensively studied, resulting in
organic polymers that are stable to the air and are now commercially available, such as aqueous
dispersions of poly (3,4-ethylenedioxythiophene): polystyrene sulfonate (PEDOT: PSS). [8-18]
Other conducting polymers that have shown high conductivities include polyaniline and poly (3alkylthiophenes). [19-21] In addition, conjugated polymers have been marketed as chemical
sensors. [22,23]
The flexible electronic devices recently disclosed in the literature include flexible and
extensible silicon material that can be used for a variety of substrates, including rubber. [24,25]
The retractable electronic component consisting of PEDOT: PSS has been previously reported in
spandex, where it produces completely organic electrochromic fabrics. [26,27] One advantage of
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organic polymers is the ability to use fabrics that are worn or contacted with the skin because the
metal particles in the fabric can cause allergenicity. [28] The key to the clothing industry is the
fabric's feel. Therefore, the number of conductors in the fabric must be limited to maintain
mechanical properties. Potential applications of fully organic, highly conductive high-end fabrics
include, but are not limited to, sensors, thermoelectrics, thermocouples, antennas, portable
electronic devices, and displays such as organic light emitting diode, radio frequency identification
tags. Electromagnetic shielding, high surface area electrodes for capacitors and / or batteries, and
the use of carrier power and resistance heating for cable replacement in the circuit are also the
common application of these materials.
Conducting polymer on flexible substrates play an important role in modern displays and
electronics. In this study, we report that PEDOT: PSS coated on polyethylene terephthalate (PET)
fibers exhibited current carrying capacity up to 10.9 A · mm -2 with a diameter of 0.32 mm, which
is comparable to the value of the bundled copper wire. [29] To illustrate the potential capability
for wire replacement, PET synthetic leather coated with 5.7% by weight PEDOT: PSS carries
enough power to illuminate the 18W compact fluorescent bulb at 0.92A, 19.7V DC as well as a
50W incandescent light bulb at 0.42 A, 120V AC. Here, the excellent electrical properties of
PEDOT: PSS are attributed to the interaction of exposed pyrolytic silica nanoparticles on the fiber
surface with PEDOT: PSS, resulting in PSS phase separation from PEDOT, this is evidenced by
an 40% increase in the PEDOT:PSS ratio at the surface of PEDOT:PSS film, as measured by Xray photoelectron spectroscopy. PEDOT: PSS coated fibers are stable in ambient conditions and
for up to10 minutes at temperatures of 150 ° C while carrying current.
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Scheme 6.1 Chemical Structure of PEDOT:PSS

6.2 Experimental Section
Patterning of PEDOT:PSS Conductive Wires. For sponge stencil method, PEDOT:PSS
aqueous solution (Clevios PH1000, Haraeus) was mixed with 5 wt % dimethyl sulfoxide (DMSO)
followed by removal of 60% of the liquid by weight at 60 °C. The apparent shear viscosity of
PEDOT:PSS solution was measured with an AR-G2 rheometer (TA Instruments). A stencil with
the desired pattern was placed atop of a 2.5 cm × 2.5 cm PET nonwoven fabric. The concentrated
PEDOT:PSS solution was applied on top of the stencil with a sponge. The PEDOT:PSS conductive
wires coated PET fabrics were annealed at 110 °C in an oven for 1 h. The patterning and annealing
processes were repeated up to 5 times for the lowest sheet resistance and higher current carrying
capacity. For inkjet printing, a PEDOT:PSS aqueous solution (Sigma-Aldrich, 739316) formulated
for inkjet printing was used. The conductive ink contains 0.8% PEDOT:PSS, 1−5% ethanol, and
5−10% diethylene glycol. The conductive wires were printed on the substrate using a FUJIFILM
Dimatix Materials printer (DMP-2800) and annealed under the same condition.
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Characterization of the Conductive Wires. The sheet resistance and breakdown current
were measured using a four-line probe method reported in our previous work, which include a
current source Keithley 224 programmable current supply (I < 101.1 mA) or power supply 3630
(I < 10 A), a Keithley 2400 digital multimeter, and a four-line probe cell. All the measurements
were conducted at room temperature. At least four to eight samples were measured to compute
average and standard deviation values for each data point. PEDOT:PSS coating on the fibers was
characterized from cross-section images obtained with field emission scanning electron
microscopy (FESEM, JEOL JSM-6335F). The cross-section samples were cut with a razor blade
while the fabrics were submerged in liquid nitrogen to minimize the distortion due to sample
preparation. The structure and printing resolution were characterized from reflected light optical
microscopy images (Nikon Metaphot metallurgical microscope) since the samples are opaque.
Microscopy Characterization and Sample Preparation: TEM samples were prepared
by mounting 2 mm × 6 mm sections of the fabric into an epoxy resin (SPI-Chem Araldite 6005
kit) and cured at 80 °C for at least 12 h, followed by cutting ultrathin sections using 45°Diatome
diamond blade on Reichert–Jung ultracut E microtome. 20 μm slices, dispersed on deionized (DI)
water, were collected on 400 mesh copper grids. Bright-field TEM images were taken using a FEI
Tecnai-T12 at 80 kV. EDS was used to identify the SiO2 within the microtomed fiber cross
sections. EDS measurements were performed on an EDAX silicon crystal detector (30 mm2)
operated by FEI TIA software and acquired for at least 120 s.
FESEM sample preparation was performed by cross-sectioning freestanding fiber mesh
while submersed in liquid nitrogen with a razor blade. Imaging was obtained on a JEOL JSM6335F at 2.5 kV and probe current 14 μA to induce charging on the surface of a cross-sectioned
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sample. Charging allowed differentiation between the conducting and non-conducting regions via
charge contrast imaging.
Washing Durability Test. For samples without surface treatment, the printed PEDOT:PSS
wires were soaked in DI water and soap water (1 wt %) under stirring (medium speed on a hot
plate), respectively, followed by drying in the oven at 60 °C overnight. The soap water was
prepared by mixing DI water with Tide Original Scent Liquid Laundry Detergent. The sheet
resistance was measured before the initial washing and after each washing cycle via the four-line
probe method. For the samples with hydrophobic treatment, Scotchgard Fabric & Upholstery
Protector (3M) was sprayed on both sides evenly from a distance of 10–15 cm and the samples
were allowed to dry at room temperature for 6 h before the washing experiments. Silver paste was
applied at both ends of each wire to make connections to the source meter. The resistance of each
sample was obtained from the I–V curve, and the sheet resistance was calculated based on the wire
dimension. Six samples were measured to calculate the average values for each data point.

6.3

Results and Discussions
Nonwoven PET leather was obtained with a 1.26 m wide roll and examined using

transmission electron microscopy and scanning electron microscopy with energy dispersive
spectroscopy. The nonwoven fabric with and without fumed silica was studied for comparison
purposes. Figures 6.1b, d are 2.5 cm 2.5 cm 0.1 cm cross section TEM images of the nonwoven
fabrics. The bulk density was 0.49 g cm-3 and the average single fiber diameter was 3 μm. It can
be seen from the transmission electron microscope, the diameter of 50 ~ 150nm silica nanoparticles
present within the fiber as well as on the fiber surface. Silica is commonly used as a delustering
agent in industry. [30] According to the 10 images obtained by SEM, the total silica content in the
nonwoven material was determined to be 2.4% by weight based on the thermogravimetric analysis,
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which converts to 0.34% by volume in PET. From the calculation using the SEM image, there are
4 × 108 silica nanoparticles per cm2 on the surface of the fiber, the average particle spacing is 500
nm. PEDOT: PSS coated synthetic leather samples Prepared by cutting a uniform 2.5 cm x 2.5 cm
silica / PET nonwoven fabric. To prepare a PEDOT: PSS coating, 5 wt.% of dimethylsulfoxide
(DMSO) of the total weight of solution was added to Clevios PH1000 water based dispersion. The
nonwoven fabric was placed on a glass drying pan and added dropwise to the desired weight of
the solution onto the nonwoven material with Clevios PH1000 containing DMSO. The sample
were then annealed in the oven at 110 C for 1 hour.
The PET fabric samples were weighed before and after treatment to calculate the weight
percentage of the doped PEDOT: PSS on the nonwoven fabric. As the amount of residual doped
PEDOT: PSS increases, the sheet resistance reduces exponentially as shown in Fig. 6.1a until it
reaches 0.3 wt%. Compared with other studies of PEDOT: PSS coated textiles, 0.3% percolation
thresholds were peculiarly low. [31] Here, the sheet resistance value obtained for the nonwoven
fabric is 3.2 Ohm/sq to for fabrics containing 5.7 wt% PEDOT: PSS. For PEDOT: PSS coated
nonwovens with a lower weight percent of the conductive polymer, a dilution of DMSO containing
Clevios PH1000 solution is required to achieve homogeneity of PEDOT:PSS throughout the PET
in a single-step solution saturation of the fabrics.
Figure 6.1e shows a schematic representation of all chemical substances present on the
fiber surface after the addition of PEDOT: PSS. Since Clevios PH 1000 consists of 1.1 wt.%
PEDOT: PSS having a pH of 3.5, PSS is counterion, less than polystyrene sulfonic acid (PSSA).
However, after the sample is dried and annealed, the removal of water has resulted an extremes of
pH value of 2 for the PSSA. [33] At some stage of water removal, the hydroxyl groups on the
surface of the silica will be protonated and the sulfonate ions from the PSS underwent nucleophilic
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substitution of water to produce sulfonates. The unimolecular substitution with water as the leaving
group is consistent with the previously proposed mechanism in the literature [34,35]. By the
covalent bond between PSS and the silica surface, the silica particles can act as a nucleic acid site
PSS to cause the template counterion to be separated from the PEDOT. The proton is mobile in
the system and contributes to the separation of the negatively charged PSS template from the
PEDOT. Since the previous report was only used for the reactive species in the solution, [36,37] a
control experiment was conducted in which the fumed silica was mixed with 18% PSSA in
water, PSSA films containing silica were titrated and annealed under same conditions reported
previously for PEDOT: PSS on fibers, 110 ° C for 1 hour. The Fourier transform infrared
spectroscopy (FT-IR) of the film shows a strong peak at 1000 cm-1 representing the sulfonate ester
Si-OR bond formed from the original sulfonate, and a decrease at 1355 cm-1 indicates the loss of
R-SO2-OH in the system compared to 18% PSSA in water without silica (control).
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Figure 6.1 a) Log (Rs) of the PEDOT:PSS-coated PET synthetic leather versus wt% of the
PEDOT:PSS coated on the PET synthetic leather. b) Unfinished PET synthetic leather, as received.
c) PET synthetic leather with 5.7 wt% PEDOT:PSS. d) TEM image of untreated, as-received PET
synthetic leather with SiO2 nanoparticles. e) Representation of what chemical species are present
at the fiber surface upon addition of PEDOT:PSS. f) XPS for PEDOT:PSS films on a control
sample of electrospun PET fibers of 3 um diameter with 150 nm thick PEDOT:PSS film (dotted
line), PET electrospun mat of same fiber diameter having silica nanoparticles with 150 nm thick
film of PEDOT:PSS (dashed line), and PEDOT:PSS film of 130 nm thickness on synthetic leather
fibers having silica nanoparticles (solid line).
It is important for this study that the PEDOT and PSS phase separations phenomenon is
observed mainly on the outer surface of the PEDOT: PSS film as illustrated in the XPS results. As
shown in Fig. 6.1f, the two bands between 162 and 166 eV are spin-split double S (2P), S (2p1/ 2)
and S (2p3/2), the band of sulfur in PEDOT [36,38] and energy splitting is approximately 1.2eV.
The peaks have a respectively intensity ratio of 1: 2, and the components usually have the same
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full width at half maximum as well as peak shape. In the case of sulfur S2p from PSS, the binding
energy bands were found at a higher energy between 166 and 172 eV. The broad spectrum consists
of spin-split doublet peaks. This broadening effect is due to the presence of sulfonate groups in
both neutral and anionic states. Thus, there is a wide distribution of different energies in this high
molecular weight polymers. Although the number of charge and neutral species is not large in
number, the same principle can be applied to PEDOT polymer. The PEDOT: PSS ratio is
calculated by measuring the integral area ratio of the peaks assigned to PEDOT and PSS. PEDOT:
PSS ratio increased from 1 to 1.95 (control sample) composed of PET fibers containing no silica
(coated with PEDOT:PSS), to a ratio of 1:1.2 for PET fibers containing silica nanoparticles which
resulted in a reduction of PSS content at the surface. The PEDOT: PSS ratio of 1:1.95 of the control
sample consisting of the PEDOT-PSS film coated on silica-free PET fibers was consistent with
the manufacturer's specifications for Clevios PH 1000 [39], indicating that in the absence of silica
there is no phase separation taking place.
The experimental results suggest that PEDOT: PSS has underwent phase separation,
forming a PEDOT-rich surface to the PEDOT:PSS film, which is due to chemical bonding between
PSS and hydroxyl-rich silica surface. [40] Based on XRD results, most of the microstructures
remain amorphous and phase separation is not sufficient to induce high levels of molecular
ordering or crystal growth. This is due to the PSS since the previous report did not observe the
formation of PEDOT crystals until the PSS was completely removed [40-42]. Since the inter and
intra charge-hopping is the dominant conduction mechanism in the conductive polymer [43], the
chemical bonding leading to the phase separation between PEDOT and PSS allows more interchain
interactions between the conductive PEDOT regions. As a result, the energy barrier of the charge
hopping is reduced, leading to better charge transfer in the PEDOT domains. [42]
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The nonwoven fabric containing 5.7 wt% PEDOT: PSS has sample size of 2.5 cm x 2.5
cm x 0.1 cm through a diaphragm gripping contact was capable of passing 3.2A at 5.2 V of DC
current. To demonstrate the application, the power supply is connected in series to illuminate the
50W incandescent bulb, as shown in Figure 6.2a, with 0.4A of AC at 120V. For further
demonstrate the applicability, the PEDOT: PSS coated synthetic leather is placed in series with an
18W bulb (Figure 6.2b) and the power supply, a current of 0.90A at 24V is passed through the
fabric. The maximum current Imax was measured using a four-line probe method for increasing
concnetrations of PEDOT:PSS, and the reported maximum current is the highest current achieved
in the ohmic region. As the concentration of PEDOT: PSS increases in the material, the maximum
current of the breakdown increases linearly, as shown in Figure 6.2c. At concentration of 0.3wt%,
the maximum current is 1 μA, but the value increased to 3.22 A at a concentration of 5.7 wt%. The
maximum breakdown current per weight percent of the conductor of the PEDOT: PSS coated
nonwoven fabric was compared with four commercially available metal fabric composites. As
shown in Figure 6.2d, the PEDOT: PSS coated nonwoven fabric exhibits more than twice the
breakdown current per weight percent of the conductor to the best of the four metal infused fabrics,
namely the silver coated nylon. In addition to the manufacturer's specifications, the amount of
metal in each sample was determined by thermogravimetric analysis.
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Figure 6.2 5.7 wt% PEDOT:PSS-coated nonwoven in series: a) carrying power to light a 50 W
incandescent bulb at 0.42 A, 120 V AC and b) carrying power to light an 18 W compact fluorescent
light bulb at 0.92 A, 19.7 V DC; c) breakdown current of PEDOT:PSS-coated fabric as a function
of PEDOT:PSS weight percentage and d) breakdown currents of 5.7 wt% PEDOT:PSS-coated
nonwoven and commercially available conductive fabrics normalized by the weight percentage of
the conductors; e) a 2.5 wt% PEDOT:PSS-coated nonwoven was attached to a power supply and
8 V at 1.076 A was applied, heating the sample to 151.2 °C; and f) the change in temperature as a
function of input power for PEDOT:PSS-coated nonwoven with an area of ≈ 12.5 cm2.
The PEDOT: PSS sheet resistance can be tuned to 3 Ohm/sq or higher, and the PEDOT:
PSS coating on the nonwoven fabric is relatively uniform as shown in Figure 6.3, the amount of
heat generated per amount of power input can be optimized for resistive heating application [4446]. Figure 6.2e describes a 2.5 cm  5 cm nonwoven fabric coated with 2.5 wt% PEDOT:PSS
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used for resistive heating by applying power (current) between copper wires threaded through the
fabrics’ end and the temperature was recorded from a type J thermocouple placed at the bottom of
sample. The temperature change due to Joule heating increases linearly with the input power, as
shown in Figure 6.2f. For a maximum of 8.6 W (8 V DC at 1.076 A), a maximum temperature of
151 ° C and dT = 130 ° C is achieved. PEDOT:PSS current carrying stability was tested by holding
the material under 8.6W for 10 minutes before degradation begins. However, the sample was stable
at 7V, whereas 131 ° C was reached with a current of 0.997 A for several hours, indicating that
PEDOT: PSS electrical properties remained undisturbed during this process. The sheet resistance
of 2.5 wt.% PEDOT: PSS coated nonwoven fabric increased from 1.5 Ohm/sq at room temperature
to 4.5 Ohm/sq at 150 ° C as measured through two copper wires.
Electrical properties obtained from PEDOT: PSS coated PET synthetic leathers were
further confirmed by electrospinning PET fiber nonwoven mats with silica nanoparticles and then
coated the fabric with PEDOT: PSS. Electrospinning parameters were optimized to obtain fiber
diameter comparable to PET synthetic leather nonwoven fabric, silica loading and nonwoven mat
thickness. The nanofiber containing silica nanoparticles have an average diameter of 3 microns
and 3% by weight of hydrophilic silica uniformly dispersed in the fibers. By reproducing the
nonwoven fabric (from electrospinning), it is possible to gain insight into whether the fiber bundle
in the PET synthetic leather produced during the melting process contribute to low sheet resistance.
The field emission SEM (FESEM) charge contrast imaging shows the PEDOT: PSS film formation
(dark contrast) on the PET fiber (white contrast) with some delamination, although satisfactory
adhesion and dispersion throughout the entire fiber mat can be seen in Figure 3b (compared with
PEDOT: PSS coated PET synthetic leather (in Figure 3a)). PEDOT: PSS coated electrospun PET
has sheet resistance of 2.4 Ohm/

ur-wire probe measurement. The electrospun sample
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has a sheet resistance surpasses the Rs of the synthetic leather with only one third of the conductive
material, this indicates that the fiber bundle may potentially contributing to diminishing the
electrical conductivity. Furthermore, the sheet resistance of the silica-containing PET fiber mat is
lower than that of the silica-free fiber mat which confirms phase separation phenomenon (Section
S1, support information). Lines of PEDOT:PSS is patterned on PET synthetic leather to simulate
wires using several techniques (including inkjet printing, painting, screen printing, paint brush),
and reported here as a sponge template method as shown in Figure 3c. A stencil with a 1 mm gap
was placed on PET synthetic leather and the Clevios PH1000 dispersion consisting of a 60%
reduction in water weight was coated with sponge onto the synthetic leather to form a 1 mm wide
line. The patterned sample has a PEDOT: PSS penetration depth  200m compared to soak
synthetic leather sample  1 mm. These linear patterned samples exhibited a sheet resistance of
1.6 Ohm/

performance is comparable to PEDOT: PSS infused

synthetic leather samples. The PEDOT: PSS wire was subjected to a current breakdown test with
an average breakdown current of 0.37 A, which correlates to a current carrying capcity (CCC) of
10.9 A mm- 2, consistent with the PEDOT: PSS synthetic leather sample. Important to the CCC is
the cross-sectional area, which could be challenging for multidimensional random fiber network
architectures. The cross-sectional area used is estimated from the weight of the conductor and the
dimension of the line measured from five or more samples. In addition, the CCC values were
calculated based on the average film thickness and the number of fibers per area, which was
obtained from SEM results. The CCC value estimated from the SEM image is in good agreement
with that from the weight of the conductor. However, accurate measurement of film thickness
using SEM could be difficult given the complex structure of fabrics and small thickness of the film.
Therefore, the CCC values estimated from the weight of the conductor are reported.
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PET nonwovens coated with PEDOT:PSS dispersion showed sheet resistance as low as 3.2
Ohm/sq and high current carrying capacity of 10.9 mm-2 due to phase separation resulting in
PEDOT-rich surface and PSS-rich core structures. Phase separation is originated from the covalent
bond between the PSSA and the hydrophilic silica particles on the fabric surface during the
annealing process. We further validated the phase separation by reconstruction of random PET
fiber network with silica particles on the surface. The sheet resistance and breakdown current can
be widely tuned depending on the application. Electrically conductive textiles also show the
potential in resistance heating applications with air stability up to 130 ° C. In addition, PEDOT:
PSS can be patterned on the surface of the textile by a variety of wet coating techniques while
maintaining comparable electrical performance. PEDOT: PSS coated PET nonwoven fabrics have
a maximum current that exceeds the current required for small electrons (mA) and can provide the
opportunity to integrate different functions into werable electronic systems, including conductors
and functional components with all organic materials.
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Figure 6.3 SEM image of a) cross-sectional area of PEDOT:PSS-coated PET fabric, b)crosssectional area of PEDOT:PSS-coated electrospun PET nanofibers, c) patterned PEDOT:PSS lines
on the non-woven using sponge stencil method, a roll-to-roll simulated technique, and d) SEM
image of cross-sectional area of the PEDOT:PSS wire in (c)

Scheme 6.2. Fabrication Procedure of Patterning PEDOT:PSS on PET Nonwoven Fabric Using
the Sponge Stencil Method
Scheme 6.2 shows the manufacture of conductive PEDOT:PSS wires on polyethylene
terephthalate (PET) nonwoven fabric utilizing the sponge stencil technique. The PEDOT:PSS
dispersion was thickened by partial water removal (through evaporation) in order to increase the
viscosity of the ink and also prevent bleeding on the porous structure of the textile. The apparent
shear viscosity of the concentrated ink is two orders of magnitude higher compared with the
original dispersion. Then a sponge utensil was utilized to exchange the "ink" on the texture surface
covered by a stencil. In this research, a rectangular shape with the length of 2.5 cm and width of
1– 5 mm was chosen to imitated wire structures.
To illustrate the ability of the wires, lines with different layers (1-5) and width (1-5 mm)
were patterned onto the fabric surface. Figure 6.4a shows an image of a 1 mm PEDOT:PSS wire
patterned using a sponge template method. The resolution of the printed line is obtained from the
optical microscope image as shown in the image inserted in Fig. 6.4a. As the number and width of
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the coating increases, the lines edge (resolution) remained sharp and without bleeding. The
penetration depth of the incoming textile is another important dimension of the wire to determine
the electrical performance. From the cross-sectional SEM image and the reflective optical
microscope image (Fig. 6.4), the penetration depth was observed to be less than 200 μm, regardless
of the number of coatings. This is because the individual fibers in the nonwoven fabric form a
random and complex network of filters for the ink. After the first printing layer, the coating of the
conductive polymer restricts further penetration into the textile in the following cycle. For samples
with one to three layers, the average penetration depth is approximately the same within the
experimental error range. It rises to 154 ± 12μm, four layers, no further add another layer of coating.
The weight of the fabric was measured before and after the coating to determine the amount of the
PEDOT: PSS on the fabric.

155

Figure 6.4. (a) Images of 1 mm conductive wires with one to five layers of coatings. The inserted
image is a representative optical microscope image of a 1 mm wire. (b) Weight of PEDOT:PSS
(blue triangles) and sheet resistance (red squares) of 1 mm wires as a function of the number of
layers. (c) Improvement of electrical properties of conductive wires with the weight of
PEDOT:PSS (blue diamond indicate sheet resistance while red dots indicate breakdown current).
The conductive wire displays ohmic behavior before reaching the breakdown current. The
weight of the conductor increases as the number of layers on the surface is increased, but the
change becomes much slower as the fabric is saturated (Figure 6.4b). As more layers of PEDOT:
PSS are patterned, the corresponding sheet resistance of the wire is reduced from 7.5 to 1.6 Ω / □
(Figure 6.4b). Figure 6.4c summarizes the electrical characteristics of the 1 mm wire based on the
weight of conductors. The sheet resistance decreases linearly as PEDOT: PSS weight increases,
and accompanied by the breakdown current increase of 0.24A (from 0.13 to 0.37 A DC). The
electrical properties of the wires are further studied based on the linewidth. Figure 6.5a shows a
representative image of wires with widths of 1, 3 and 5 mm, respectively. For different linewidths,
the conductive coating exhibits a great uniformity on the fabric, which is necessary to limit the

156

resistance variation through the region, providing better heat dissipation under high current
(prevent local heating). PEDOT:PSS weight increases linearly with the width of the line (as shown
in Figure 6.5b), further indicating uniform coating. The width of 1-5 mm wire has a similar sheet
resistance (values ranging from 2.2 Ω/□ to 3.1 Ω/□). Figure 4c demonstrates the relationship
between electrical performance and weight of the conductor. Since the amount of conductor per
surface area is approximately the same, the sheet resistance is similar. On the other hand, the
breakdown current rises linearly from 0.29 to 0.90 A DC as a result of increased amount (weight)
of PEDOT:PSS.

Figure 6.5 (a) Images of 1, 3, and 5 mm conductive wires with five layers of coatings. (b) Weight
of PEDOT:PSS (blue triangles) and sheet resistance (red squares) of conductive wires with five
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layers of coatings as a function of the line width, respectively. (c) Improvement of electrical
properties of conductive wires with the weight of PEDOT:PSS (blue diamonds indicate sheet
resistance while red dots indicate breakdown current).

6.4

Conclusions
Organic conductive wires were fabricated using simple patterning techniques such as

sponge stencil and inkjet printing utilizing conductive polymer dispersion PEDOT:PSS. The
current carrying capacity of printed wires is approximately 103 A/cm2, which makes these wires
on textiles suitable for many different applications in wearable electronics. The specific breakdown
current density of the printed wire exceeds the value of the CNT-based paper having a similar size
and is competitive with some commercially available silver-containing conductive fabrics in terms
of electrical properties. The series and parallel circuits composed of organic wires are shown, the
resistance of the circuit is in good agreement with the calculated results. As for the durability of
these fabrics, PEDOT: PSS wires on polyethylene terephthalate textiles were able to retain their
electronic functionality after three wash/dry cycles after performing hydrophobic surface treatment.
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